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RESUMO 
 Cupins são insetos sociais que vivem em colônias dividindo o trabalho entre suas 
castas e têm a sua dieta baseada no consumo de material lignocelulósico. Os cupins são 
considerados os menores biorreatores da Terra, e um dos organismos mais eficiente na 
decomposição de lignoceluloses. A degradação da biomassa vegetal pode atingir cerca de 75-
90% de eficiência e a lignina é modificada. A digestão ocorre no trato digestivo, no qual 
ocorre a secreção de enzimas ativas em carboidratos (CAZymes), entre elas, as hidrolases 
glicosídicas tais como celulases e hemicelulases. Essas enzimas são secretadas no intestino 
anterior e médio, e no posterior pelos simbiontes que ali habitam, tais como protozoários e 
bactérias. O objetivo dessa tese foi investigar a ocorrência de mecanismos complementares à 
hidrolases glicosídicas no digestoma do cupim Coptotermes gestroi, principalmente 
mecanismos óxido-redutores, os quais possam explicar a eficiência na degradação de 
lignoceluloses. Neste trabalho de doutorado, primeiramente duas hidrolases glicosídicas 
endógenas de C. gestroi, uma Endo-β-1,4-glicosidase-CgEG-1 (GHF-9) e uma β-1,4-
glicosidase-CgBG-1 (GHF-1) foram funcional e estruturalmente caracterizadas. Os resultados 
mostraram que as duas enzimas atuam em conjunto no digestoma de C. gestroi e possuem alto 
grau de sinergia na degradação de polissacarídeos naturais e lignocelulose complexa, 
entretanto, a sacarificação é muito baixa em comparação com celulases fúngicas. Assim, com 
o objetivo de ampliar o conhecimento do arsenal de enzimas CAZy de C. gestroi, análises de 
metatranscriptômica e metaproteômica foram realizadas nas castas operária e de soldados 
desse inseto. Os dados revelaram que ambas as castas possuem um arsenal de enzimas CAZy 
similar, incluindo enzimas de Atividade Auxiliares-AAs (lacases e glicose oxidases), bem 
como óxido-redutases relacionadas a processos de Pro-oxidação, Antioxidação e 
Detoxificação (PAD). Além disso, a maioria dos gene/enzimas CAZy e PAD tiveram maior 
abundância na casta operária, sugerindo um papel na digestão da lignocelulose. 
Posteriormente, uma análise do transcriptoma de operários C. gestroi submetidos a dieta com 
diferentes bagaços de cana-de-açúcar, revelou que a expressão de genes que codificam 
superóxido dismutases (genes PAD), foi modulado pela dieta. Desta forma, o gene endógeno 
CGSOD-1 foi clonado e sua proteína CgSOD-1 foi caracterizada funcional e biologicamente. 
CgSOD-1 é uma dismutase clássica, que apresenta sinergia com CgEG-1 na hidrólise de β-
glucano. CgSOD-1 foi imunolocalizada nos segmentos anteriores e médio do trato digestivo 
de C. gestroi, mesma localização de CgEG-1, sugerindo assim o papel dessa SOD no 
digestoma de C. gestroi. Análises bioquímicas revelaram ainda que CgSOD-1 atua na 
clivagem de polissacarídeos, através da geração de espécies reativas de oxigênio. Mais que 
isso, CgSOD-1 foi utilizada para suplementar coquetéis celulolíticos, revelando um aumento 
de 30% na sacarificação de biomassa. De forma geral, esta tese mostrou que as hidrolases 
glicosídicas produzidas pelo cupim inferior C. gestroi não são eficientes na degradação de 
lignocelulose complexa, e que existem enzimas complementares ou auxiliares às hidrolases 
glicosídicas, principalmente óxido-redutases, que atuam na conversão da biomassa 
lignocelulósica no digestoma desses insetos. 
ABSTRACT 
 
Termites are social insects living in colonies and dividing the labor among the castes. 
This insect has its diet based on the consumption of lignocelluloses. The worker caste is  
responsible for feeding the colony, which turn the termites into on of the smaller bioreactor on 
Earth, and one of the most efficient organisms in the decomposition of lignocelluloses. The 
degradation of this material achieve approximately 75-90% efficiency and the lignin is 
modified. The digestion occurs in the termite gut, which occurs the secretion of carbohydrate-
active enzymes (CAZymes), such as glycoside hydrolases (cellulases and hemicellulases). 
These enzymes are secreted in the fore- and midgut, and also by the symbionts, such as 
protozoa and bacteria, in the hindgut. However, these cellulases have been described in the 
literature as inefficient into degrading recalcitrant lignocellulose. Thus, the aim of this thesis 
was to investigate the occurrence of complementary mechanisms to glycoside hydrolases in 
the digestome the termite Coptotermes gestroi, mainly redox mechanisms, which could 
explain the efficient lignocelluloses degradation by termites. Thus, two endogenous glycoside 
hydrolases from C. gestroi, an endo-1,4-β-glucosidase CgEG-1 (GHF-9) and a β-1,4-
glucosidase CgBG-1 (GHF-1) were functionally and structurally characterized. The results 
showed that the two enzymes act in synergy in the C. gestroi’s digestome, exhibiting a high 
degree of synergy in the degradation of polysaccharides and complex lignocellulose. 
However, the level of biomass saccharification was very low, in comparison to 
saccharification yields using fungal cellulases. Thus, aiming to explore the potential of 
CAZymes in C. gestroi, analysis of metatranscriptomic and metaproteomics were performed 
in the worker and soldier castes. The results revealed that both castes had a similar repertoire 
of CAZymes, including from the Auxiliaries Activities (AAs) group (laccases, and glucose 
oxidases) and oxidoreductases related to Pro-oxidation, Antioxidant, and Detoxification 
(PAD) processes. In addition, genes and enzymes classified as CAZy and PAD had higher 
abundance in the worker caste, suggesting a role of theses enzymes in lignocellulose 
breakdown. Subsequently, a transcriptome analysis of C. gestroi’s workers, fed on different 
sugarcane bagasses, have revealed that the expression of genes encoding superoxide 
dismutases, a PAD enzyme, was modulated by the diet. Thus, the endogenous CGSOD-1 gene 
was cloned and the protein CgSOD-1 was functional and biologically characterized. CgSOD-
1 is a typical SOD, showing synergy with CgEG-1 in the hydrolysis of β-glucan. CgSOD-1 
was immunolocalized in the fore- and midgut of C. gestroi, as well as CgEG-1, thus, 
suggesting the role of this SOD in the digestome. Biochemical analyzes also revealed that 
CgSOD-1 acts on the cleavage of polysaccharides, throughout the generation of reactive 
oxygen species. Moreover, CgSOD-1 was used to supplement cellulolytic cocktails, revealing 
a 30% increase in the biomass saccharification. In conclusion, this thesis has shown that the 
glycoside hydrolases produced by the lower termite C. gestroi are not efficient in the 
degradation of complex lignocellulose, moreover, it was evidenced that C. gestroi synthesized 
auxiliary enzymes to glycoside hydrolases, primarily oxidoreductases, which could act in the 
conversion of lignocellulosic biomass in the digestome of this insect. 
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CAPÍTULO 1 -  INTRODUÇÃO 
1. REVISÃO BIBLIOGRÁFICA 
1.1 Estado da arte da biologia de cupins 
 Cupim é o nome popular dado aos insetos da infra ordem Isoptera, que pertencem à 
ordem Blattodea, a qual é composta principalmente por baratas. Originalmente, os cupins 
viviem em colônias distribuídas por florestas úmidas e cerrados das regiões tropicais e 
subtropicais da Terra (Chouvenc et al., 2015). Com o desenvolvimento da civilização humana 
e o estabelecimento das cidades em regiões de florestas e campos, esses insetos passaram a 
atacar as construções e edificações, principalmente aquelas que empregavam madeira. Está 
característica deu aos cupins o estatus de peste urbana mais lesiva nas cidades e regiões 
metropolitanas (J Korb, 2007). Estima-se que os danos mundiais anuais causado pelos cupins 
somem mais do que 50 bilhões de dólares americanos e só nos EUA, onze bilhões de dólares 
são despendidos por ano, no controle desses insetos (Chaffron e von Mering, 2007). 
Existem hoje na literatura mais de 3.000 espécies de cupins descritas e distribuídas em 
sete famílias (Figura 1). A origem desse grupo está relatada ao período Cretáceo com 
expansão no Terciário, sendo a sua evolução derivada de baratas do gênero Cryptocercus 
(Klass et al., 2008), o que torna o cupim uma barata social. A principal novidade evolutiva da 
infra ordem Isoptera em relação à ordem Blattodea, é que esses insetos são considerados 
sociais, dividindo assim o trabalho entre as castas de uma colônia (Brune and Ohkuma, 
2011a).  
A divisão de trabalho segue a seguinte organização: a casta dos operários nutre a 
colônia ingerindo solo ou lignocelulose; os soldados defendem a colônia de predadores e 
competidores; os alados, mais conhecidos como “siriris”, são os formadores de novas colonias 
e por fim pela casta dos reprodutores, a rainha e o rei. Além disso, os cupins desempenham 
uma grande importância ecológica nos trópicos, por serem capazes de decompor a biomassa 
lignocelulósica seca de forma eficiente, ajudando na ciclagem do carbono e nitrogênio 
(Chouvenc et al., 2015), além de ser parte integrante da dieta de macacos (Sanz et al., 2004). 
Outra característica importante dos cupins, e compartilhada com as baratas, é que 
esses insetos possuem simbiontes em seu trato digestivo com protozoários flagelados, 
leveduras e bactérias. Devido a isso, os cupins podem ser classificados em cupins inferiores 
(lower termites), ou seja, aqueles que possuem  protozoários, leveduras e bactérias em seu 
trato digestivo, ou como cupins superiores (higher termites), os quais apresentam simbiose 
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apenas com bactérias (Brune, 2014a). Esta simbiose é essencial para o metabolismo de 
cupins, pois ela é responsável por várias vias de assimilação de carbono, nitrogênio e outros 
compostos, sendo que a falta dessa microbiota no trato digestivo leva os cupins à morte 
(Brune and Friedrich, 2000). 
 
 
 Figura 1. Filogenia de Blattodea e Isoptera mostrando as sete famílias de Isoptera e a 
classificação quanto a presença de protozoários (cupins inferiores) e ausência (cupins superiores). 
Adaptado de Korb 2007a. 
 
Quanto ao modo de vida e nutrição podemos classificar os cupins em três grupos. O 
primeiro grupo é o dos cupins fúngicos, associado ao fungo basidiomiceto do gênero 
Termitomyces, sendo o responsável pelo consumo de 90% da biomassa seca em regiões áridas 
tropicais e savanas (Ohkuma, 2003). O segundo grupo chamado de cupins comedores de solo, 
nutre-se principalmente da terra e quase não utilizam carboidratos em sua alimentação, sendo 
os compostos húmicos e polifenólicos sua principal fonte de energia. O terceiro grupo é 
conhecido como cupins de madeira ou xilófagos, o qual nutre-se de compostos 
lignocelulósicos (Kudo, 2009), e possue a capacidade de modificar a lignina (Katsumata et al., 
2007a; Ke and Chen, 2013). Em 2009, a comunidade científica cunhou o termo “digestoma” 
como referência a qualquer tipo de estudo relacionado à biologia digestiva de cupins, 
principalmente ao estudo dos genes e enzimas que são ativos na biomassa lignocelulósica 
(Scharf and Tartar, 2008a).  
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A digestão e a assimilação dos nutrientes dos alimentos pelos cupins ocorre no trato 
digestivo. Esta estrutura possui um volume que varia de 1 à 5 microlitros entre as espécies de 
cupins, e é segmentada em três compartimentos principais: intestino anterior, médio, e 
posterior, os quais são conectados por válvulas (Figura 2) (Brune, 1998).  
  
 
Figura 2. Tubo digestivo de Coptotermes gestroi. O tubo é dividido em três partes  distintas: 
intestinos anterior, médio e posterior. As setas e linhas indicam os limites entre os segmentos. Foto: 
João Paulo Lourenço Franco Cairo. 
 
Devido a “micro” escala do tubo digestivo, esses insetos são vistos como um robusto 
biorreator natural (Brune, 1998). O status de micro biorreator é devido a segmentação do seu 
trato digestivo, o qual possui diferentes microambientes, com grande fluxo de matéria 
orgânica. Outra característica importante do tubo digestivo é as variações de pH, como por 
exemplo pH 7 no início do intestino médio até pH ácido (pH 5,0 - 4,0) na câmera fermentativa 
ou intestino posterior, o que gera um microcosmo propício para a ocorrência da degradação de 
material lignocelulósico. Além disso, o intestino de cupins apresenta elevada variação de 
concentrações de hidrogênio (H2) e oxigênio (O2) devido à atividade metabólica dos 
protozoários e bactérias no intestino posterior (Figura 3), por exemplo, existem regiões 
anaeróbicas (no centro do tubo digestivo) e regiões micro-óxicas (regiões epiteliais do tubo 
digestivo). (Brune 2014a). 
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Figura 3. Parâmetros físico-químicos no intestino de cupins inferiores. Medidas de 
pH, pressão parcial - P(kPa) de O2 e H2 e potencial redox Eh (mV). C: intestino anterior, M: 
intestino médio; P3-P5: intestino posterior. A flecha indica o local da válvula entérica. 
Adaptado de Brune 2014 (Brune, 2014a). 
 
A figura 4 esquematiza de forma bastante objetiva o funcionamento do digestoma de 
cupins inferiores. De modo geral, a habilidade dos cupins em digerir materiais 
lignocelulósicos inicia-se pela quebra física da parede celular vegetal executada pelas suas 
mandíbulas, facilitando a passagem do material pelo trato digestivo e potencializando a área 
de ação das enzimas ativas em carboidratos (Watanabe and Tokuda, 2010a). Quando o 
alimento entra no intestino anterior, ele recebe uma carga enzimática composta por celulases, 
beta-glicosidases e ligninases, que são produzidas pelo próprio cupim. Concomitantemente, 
esse bolo alimentar é também moído fisicamente em uma estrutura chamada pró-ventrículo, 
ou papo, a qual antecede a passagem do bolo alimentar para o intestino médio (Fujita et al., 
2010). 
 Dados da literatura mostram que a lignocelulose é cortada pela mandíbula do animal 
tem seu tamanho de partícula reduzido para cerca de 20 µm e após receber a primeira carga 
enzimática e ser moída novamente pelo papo do animal, esse tamanho é reduzido para cerca 
de 10 µm (Fujita et al., 2010). Em seguida, o bolo alimentar entra no intestino médio 
recebendo novamente uma carga de celulases e beta-glicosidases. Depois que o alimento sai 
do intestino médio e entra no intestino posterior o mesmo será fagocitado pelos protozoários e 
a lignocelulose será digerida no citoplasma desses simbiontes com uso de enzimas 
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celulolíticas e hemicelulolíticas. Esse material pode também ser digerido no lúmen do tubo 
digestivo pelas celulases, hemicelulases e esterases bacterianas secretadas nesse espaço. Esse 
fenômeno ocorre no intestino dos cupins inferiores, e no caso dos superiores não haverá a 
fagocitação devido a ausência dos protozoários (Figura 4). A digestão da lignocelulose nos 
cupins associados a fungos é diferente dos cupins inferiores e superiores, visto que exige 
primeiramente, a digestão da lignocelulose pelo fungo e depois a utilização do fungo como 
alimento pelo cupim.  
 
Figura 4. Digestoma de cupins inferiores. Adaptado de Brune 2014 (Brune, 2014a). 
 
Ao fim do processo da degradação da biomassa lignocelulósica no tubo digestivo, o 
principal produto formado são monossacarídeos diversos, os quais são fermentados pelos 
simbiontes à acetato, que serve de bloco carbônico para a síntese de ácidos graxos de cadeia 
curta pelo simbiontes, os quais são os principais nutrientes assimilados pelo inseto (Brune, 
2014b). Existem também bactérias acetogênicas nesse sistema que utilizam CO2 e H2 
abundantes no intestino, devido a fermentação dos açúcares, para gerar mais acetato e 
posteriormente mais ácidos graxos.  
Contudo, dado publicado pelo nosso grupo (Franco Cairo et al., 2013a), bem como a 
literatura, descrevem através de ensaios bioquímicos que as hidrolases glicosídicas produzidas 
pelo cupim e seus simbiontes não são eficientes na degradação de lignoceluloses complexas 
ou celulose micrcristalina (Brune, 2014b; Watanabe and Tokuda, 2010a), sugerindo que 
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cupins se utilizam de estratégias óxido-redutoras, tais como reação de Fenton e enzimas 
relacionas a processos oxidativos e detoxificantes para atingir um alta eficiência de 
degradação (Brune and Ohkuma, 2011b; Sethi et al., 2013b). Esta questão será melhor 
abordada no sub-tópico relacionado às enzimas ativas em carboidratos dos digestoma dos 
cupins. 
1.2 A biomassa lignocelulósica 
A biomassa é definida como material orgânico contido em organismos vivos ou 
mortos, cujos carbonos podem ser utilizados para a produção de energia (Bracmort and Gorte, 
2010). Desta forma, é considerada uma fonte de energia renovável, pois as suas moléculas 
estão inclusas na ciclagem do carbono e nitrogênio na natureza, diferenciando-se desta foram 
da energia oriunda do carbono fóssil. A biomassa vegetal é formada por cerca de 60% da 
biomassa no mundo (Tengerdy and Szakacs, 2003), sendo que desse material, 90% é 
composto de material lignocelulósico ou lignoceluloses. A celulose, hemicelulose e a pectina 
são os principais polímeros de carboidratos que compõem a parede celular vegetal primária. A 
parede primária é encontrada principalmente nas folhas, flores e tecidos jovens. Na parede 
celular vegetal secundária, a pectina é substituída pela lignina, um polímero formado por 
unidades de compostos fenólicos. A parede secundária é geralmente encontrada em frutos, 
raízes e em maior freqüência nos caules e ramos das plantas de porte arbustivo e arbóreos 
(Carpita, 2011). 
 A celulose é um homopolímero de glicose (unidades de glicose ligadas por ligações 
glicosídicas do tipo β-1,4) a qual se organiza em forma de microfibrilas microcristalinas, 
embebida em uma matriz lignossacarídica composta de hemiceluloses, pectinas ou lignina 
formando uma estrutura rígida e recalcitrante. A hemicelulose é formada principalmente por 
polímeros de xilose (unidos por ligações glicosídicas do tipo β-1,4), resultando xilanos. Esses 
xilanos podem conter ramificações contendo glicose, arabinose e ácidos glucurônicos, unidas 
por ligações glicosídicas diversas. A hemicelulose pode ser formada também por cadeias de 
manose e/ou galactose (β-1,4), ou ainda de polímeros de glicose que não formam estruturas 
microcristalinas, tais como os glucanos (ligações glicosídicas do tipo β-1,3-1,4) (Carpita, 
2011, 1996).  
 A lignina é considerada um heteropolímero, altamente hidrofóbico, resultante da 
polimerização de três tipos de alcoóis ρ-hidróxicinamílicos: ρ-cumarílico, ρ-coniferílico e ρ-
sinapílico. A principal função da lignina na parece celular vegetal é conferir rigidez e 
proteção, sendo um composto importante na defesa contra a invasão de patógenos nessas 
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células, bem como servindo de “cimento” para o desenvolvimento e crescimento secundário 
em arbustos e árvores (Boudet et al., 2003). A lignina se liga à hemicelulose através de 
ligações do tipo éster, geralmente associada a uma molécula de ácido ferúlico ou ácido p-
coumárico (Damásio et al., 2013). Outra característica importante é a propriedade hidrofóbica 
da lignina, essencial para os vegetais, pois a lignificação das células que formam o xilema 
(tecido que transporta água nas plantas) garante que a água circule com menor resistência nos 
tecidos da plantas, o que permite, por exemplo, árvores com mais de 100 metros de altura 
(Cosgrove, 2005). 
 
1.3 A biomassa lignocelulósica como fonte de energia renováveis e bioprodutos 
O IPCC (International Panel of Climatics Changes – Painel Internacional de Mudanças 
Climáticas), criado pela Organização das Nações Unidas (ONU), tem como grande objetivo 
conhecer e entender as causas do fenômeno do aquecimento global (“IPCC Fifth Assessment 
Report,” 2014). Os relatórios do IPCC, identificaram que o principal agente causador da 
mudança climática global seria a emissão de gases estufas poluentes (CO2, CO e etc.), oriundo 
principalmente de atividade humanas, entre eles os processos industriais e de meios de 
transportes. Essas atividades possuem como sua fonte energética à utilização de combustíveis 
fosseis, principalmente o petróleo que é uma fonte não renovável. Mais que isso, a exploração 
viável e barata do petróleo vem diminuindo, devido ao aumento dos custos de extração de 
reservas consideradas “difíceis” de explorar. As reservas que possuem um custo barato de 
extração estão em declínio (Koh and Ghazoul, 2008). Vinculado aos motivos ambiental e 
econômico, o mundo hoje busca novas fontes de energia alternativas que seja no mínimo 
renováveis. 
Atualmente políticas mitgatórias públicas e privadas são empregadas para o 
desenvolvimento e melhoramento de novas fontes de energia limpa e/ou renovável. Entre as 
políticas sugeridas pelo relatório do IPCC, destacam-se o financiamento, de pesquisa e 
desenvolvimento de tecnologias que permitam a geração de energia limpa e/ou renovável, tais 
como a energia eólica, solar e o uso da biomassa (Lund, 2007). 
Deste modo, um dos principais desafios da indústria energética global nos últimos anos 
tem sido a desconstrução da biomassa vegetal de forma preservativa. Essa abordagem permite 
a conservação e a conversão dos açúcares da biomassa vegetal em bioprodutos de valor 
agregado, como podemos citar o bioetanol e outras cadeias carbônicas, tais como o farneseno 
(Ferreira-Leitão et al., 2010). Turkenburg et al., (2000) descreveu rotas preservativas e não 
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preservativas aplicadas à conversão da biomassa em energia disponível para a utilização. As 
vias não preservativas são aquelas baseadas na produção de calor e/ou eletricidade, sendo as 
vias preservativas, àquelas baseadas na produção de bioprodutos, por exemplo. 
A via preservativa inicia-se na coleta da biomassa, principalmente de origem agrícola, 
seguida do processamento de seus componentes a parte menores. Isto ocorre geralmente de 
três formas: a primeira é pela fermentação de mono e/ou dissacarídeos presentes nas seivas ou 
em frutos de vegetais. Podemos citar por exemplo, a produção de bioetanol oriundo da 
fermentação garapa da cana-de-açúcar, mais conhecido como bioetanol de 1º geração; a 
segunda forma preservativa é pela extração de óleos de organismos oleaginosos tais como as 
algas, mamona e o dendê. Esse material, por exemplo podem ser usados para a produção de 
biodiesel. A terceira forma é pelo aproveitamento dos resíduos das duas primeiras formas, 
utilizando-se da redução da parede celular vegetal da biomassa à mono e dissacarídeos 
fermentescíveis, que é o principal desafio, hoje, na produção de bioprodutos lignocelulósicos 
ou bioprodutos de 2º geração (Turkenburg et al., 2000).  
1.4 O desenvolvimento de bioprodutos a partir da biomassa vegetal: o exemplo 
dos biocombustíveis 
Os biocombustíveis possuem propiedades químicas satisfatórias quando comparados 
àqueles que foram produzidos àpartir dos combustíveis fósseis (Hahn-Hägerdal et al., 2006). 
Entre eles, o mais conhecido é o bioetanol, o qual pode ser utilizado sozinho ou misturado à 
gasolina em substituição ao composto tetraetil-chumbo. Este último composto fora misturado 
à gasolina no passado para garantir longevidade a motores de forma geral, além de ser um 
composto que possue sua circulação e comercialização proibida no Brasil (Ferreira-Leitão et 
al., 2010). Esta substituição tem como iniciativa a redução dos impactos sobre o meio 
ambiente. Deste modo, o bioetanol vem se destacando como um biocombustível de grande 
consumo no Brasil e nos Estados Unidos (Tengerdy and Szakacs, 2003), por exemplo. 
O bioetanol no mundo é produzido atualmente de duas formas: o primeiro, aquele 
empregado no Brasil, é obtido a partir da fermentação dos açúcares contidos na garapa da 
cana-de-açúcar. Já o bioetanol norte-americano é originado a partir da fermentação do amido 
do milho, exigindo uma etapa de hidrólise do amido usando enzimas, tal como as amilases. 
Depois, em ambos os casos (Brasil e EUA) a glicose é fermentada a bioetanol. Como já citado 
anteriormente, esse é o chamado bioetanol de 1º geração. Entretanto, nos EUA o milho é 
utilizado como alimento, e no Brasil a garapa é utilizada para produzir açúcar, o qual pode 
 25 
causar, futuramente, problemas com relação a disponibilidade dos mesmos (Srinivasan, 
2009).  
Dentro desta concepção, a biomassa vegetal oriunda dos resíduos agrícolas (palha e 
bagaço de cana, palhas de milho e de soja) e florestais (florestas de Bamboo, Eucalyptus, 
Poplar), em geral, surgem como uma fonte alternativa de açúcares fermentescíveis, sendo 
esse resíduos considerados os melhores candidatos a matéria prima para a produção de 
bioetanol lignocelulósico ou bioetanol de 2º geração (Hahn-Hägerdal et al., 2006). Outro fato 
que impulsionam o uso desses resíduos é o fato de suas indústrias de 1º geração já serem 
estabelicidas. 
O processo de produção do bioetanol oriundo da biomassa lignocelulósica envolve 
passos físicos, químicos e/ou biológicos. O processo inicia-se com um leve pré-tratamento 
(físico e/ou químico) do material; tal como a redução do tamanho da partícula (físico), 
seguido de uma “amorfização” do material, o qual pode ser obtido através de métodos que 
empregam reações com catalisadores ácidos ou básicos diluídos (químico), ou ainda os que 
utilizam água em alta temperatura e pressão. Essa etapa tem como objetivo a retirada da 
lignina e de um pouco de hemiceluloses do material e também para “afrouchar” a celulose, ou 
seja, diminuir sua recalcitrância (Chaturvedi and Verma, 2013).  
Depois dessa etapa, inicia-se a hidrólise da biomassa lignocelulósica, sendo ela tratada 
com um coquetel de enzimas que contém celulases, hemicelulases e esterases (hidrolases 
glicosídicas e proteínas acessórias), o qual a ação dessas enzimas geram monossacarídeos 
(hexoses e pentoses). Por fim, esse monossacarídeos seguem para a etapa de fermentação à 
bioetanol e, por fim, existe o passo de destilação para a recuperação do produto final (Gregg 
and Saddler, 1995).  
Os eventos biológicos que ocorrem na conversão da biomassa lignocelulósica e seus 
polissacarídeos em etanol são: a) produção e aplicação de enzimas que hidrolisam a biomassa; 
b) a hidrólise da celulose e de outros polissacarídeos presentes; c) fermentação dos 
monossacarídeos, tais como celobiose e glicose; d) fermentação dos produtos da hidrólise da 
hemicelulose, tais como xilose e arabinose (Lynd et al., 2008). Dentro desses passos existem 
descrito na literatura várias configurações tecnoló, as quais incluem diferenças nas eficiências, 
sendo os principais: SHF (Separate Hydrolysis Fermentation) – no qual os eventos biológicos 
citados acima ocorrem em quatro passos separadamente; SSF (Simultaneous Saccharification 
Fermentation) – no qual a hidrólise e fermentação da celulose ocorre em um único passo e a 
produção de celulases e hidrólise das hemiceluloses acontecem em dois outros passos 
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separados; SSCF – (Simultaneous Saccharification and Co-Fermentation) – uma adaptação do 
SSF que difere apenas na fermentação da glicose e pentoses, a qual ocorrem juntas; e CBP 
(Consolidated BioProcessing) no qual os quatros eventos ocorrem em uma só etapa, em um 
mesmo reator ou fermentador (Lynd et al., 2008). 
A eficiência desses processos vem melhorando consideravelmente, uma vez que hoje o 
bioetanol de segunda geração por exemplo, já é uma realidade. Existem em funcionamento 
hoje no mundo seis usinas de bioetanol de segunda geração, duas delas, no Brasil: a Granbio 
no estado de Alagoas, e a Raízen-Shell no estado de São Paulo (“GranBio starts cellulosic 
ethanol production at 21 million gallon plant in Alagoas, Brazil,” n.d.). Entretanto ainda há a 
necessidade de melhorias aos processos, principalmente aqueles referentes ao aumento de 
eficiência da fermentação de pentoses oriundas da hemicelulose, bem como o aproveitamento 
da lignina (Cardona and Sanchez, 2007). Entretanto, principal melhoria que se busca, é a 
melhora da eficiência da hidrólise enzimática dos polissacarídeos por proteínas ativas em 
carboidratos (celulases, hemicelulases e pectinases) bem como a redução de custo da 
produção e transporte dessas enzimas (Saini et al., 2015).  Desta forma, fica clara a 
necessidade da busca de novas enzimas ativas em lignoceluloses mais eficientes e com baixo 
custo de produção. 
 
1.5 Mecanismos de desconstrução da biomassa lignocelulósica 
 A biomassa lignocelulósica pode ser desconstruída através de processos físicos, 
químicos e biológicos. Entretanto, nenhum desses processos são 100% eficiente, e sempre 
haverá um resíduo deste material. Entre os processos físicos destacam-se por exemplo a 
pirólise ou queima do material propriamente dito. Já a desconstrução química é feita através 
do emprego de soluções ácidas e/ou básicas, tal como hidrólise usando ácido clorídrico ou 
tratamento alcalino com hidróxido de sódio (Chundawat et al., 2011). Entretanto, nessa 
revisão iremos explorar, em detalhes, os processos biológicos. 
A desconstrução da biomassa lignocelulósica através de processos biológicos envolve 
o uso de enzimas ativas em carboidratos ou seja, enzimas que interagem física e 
químicamente com a estrutura molecular dos polissacarídeos que compõe esta biomassa 
(Bourne and Henrissat, 2001). Outro processo biológico é através da geração de espécies 
reativas de oxigênio (ROS - do inglês “reactive oxygen species”), as quais são capazes de 
interagir diretamente com a biomassa, no caso, oxidando-a. Entretanto, a geração desses ROS 
 27 
depende da ação de enzimas intermediárias que catalizam reações de óxido-redução (Arantes 
et al., 2011). 
Praticamente todos os seres vivos são capazes de produzir enzimas ativas em 
carboidratos, porém nem todos conseguem sintetizar enzimas que atuam diretamente na 
desconstrução de lignoceluloses (Cantarel et al., 2009). Bactérias, fungos, plantas e animais 
são descritos como organismos capazes de produzir e secretar enzimas que degradam 
compostos lignocelulósicos complexos. Essa enzimas são mais conhecidas como celulases, 
hemicelulases, pectinases e ligninases. De forma geral, os sistemas lignocelulolíticos de 
bactérias e fungos são os mais estudados quando comparados com os sistemas empregados 
por plantas e animais (Bourne e Henrissat, 2001; Minic, 2008). Entre os animais, os cupins 
são um dos grupos mais estudado, porém, muitas lacunas precisam ser preenchidas (Watanabe 
e Tokuda, 2001). 
1.6 Enzimas ativas em carboidratos e biomassa lignocelulósica 
 As proteínas ativas em carboidratos e lignina caracterizam-se por um conjunto de 
enzimas e proteínas que são capazes de interagir com as partes que compõem a lignocelulose, 
principalmente pela capacidade de criar e hidrolisar ligações glicosídicas, oxidar e reduzir 
polissacarídeos e lignina ou ainda de transformar, desestabilizar e/ou reorganizar esse tipo de 
biomassa. Entre essas proteínas, destacam-se as hidrolases glicosídicas (Glycoside Hydrolases 
- GHs), as quais hidrolisam a ligação glicosídica entre as subunidades dos polímeros de 
açúcares, gerando principalmente mono, di e/ou oligossacarídeos de tamanhos diversos.  
Existem outros tipos de enzimas tais como as transferases glicosídicas (Glycosyl 
Transferases - GTs), as quais geram novas ligações glicosídicas, as liases polissacarídicas 
(Polysaccharide Lyases - PLs) responsáveis pela clivagem de um polissacarídeos através de 
uma reação do tipo beta-eliminação (não hidrolítica) e por fim existem as esterases de 
carboidratos (Carbohydrate Esterases - CEs), as quais hidrolisam as ligações éster de 
grupamentos acetil que determinados polímeros de carboidratos possuem em sua estrutura. 
Entre as proteínas ativas em lignoceluloses existem também um grupo de proteínas que 
possuem a capacidade de se ligarem a carboidratos e ou polissacarídeos, tais como as 
expansinas (swollenin) e módulos de ligação a carboidratos (Carbohydrate Binding Module- 
CBM). No caso dos CBMs, eles são geralmente encontrados em associação a domínios 
catalíticos de GHs e AAs, porém também são descritos como proteínas únicas (Boraston et 
al., 2004). 
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 As enzimas ativas em carboidratos se organizam em famílias que possuem 
similaridades de sequência de aminoácidos, bem como em estrutura tri-dimensional. Baseado 
nisso, a 10 anos atrás foi montado um banco de dados intitulado CAZy do inglês 
“Carbohydrate-Active Enzymes”. Desde então, esse banco virou referência para a pesquisa na 
área, e essa enzimas começaram a ser chamadas de “Cazymes” (Cantarel et al., 2009a). Na 
última atualização do banco em 2013, uma nova classe de enzimas foi adicionada, 
denominada de atividades auxiliares (AAs), a qual inclui exclusivamente enzimas que 
possuem a capacidade de oxidar carboidratos ou lignina. Desta forma, as enzimas com essas 
características foram agrupadas em diferentes famílias e sub-famílias, de acordo com os 
mesmo requisitos das demais classes, como por exemplo, as lacases, que foram classificadas 
como AA1, as lignina peroxidases AA2, glicose oxidase e celobiose desidrogenase em AA3 
(Levasseur et al., 2013). Dentre essas famílias, destacam-se as AA9, AA10 e AA13, as quais 
incluem a descoberta mais recente da área, que são as enzimas capazes de oxidar a biomassa 
lignocelulósica, principalmente a celulose e hemicelulose (Horn et al., 2012).  
De forma geral, as hidrolases glicosídicas são classificadas em dois grupos principais 
de acordo com sua função e modo de operação. O primeiro grupo são as exo-polissacaridases 
que tem como local de ação os terminais das cadeias e/ou  grupos laterais de substituição de 
polissacarídeos e de oligossacarídeos e resultam na geração de dissacarídeos ou 
monossacarídeos. Entre esse grupos destacam-se as beta-glicosidases (BG) e as beta-
xilosidases, as quais são encontradas nas famílias GHF-1 e GHF-3, e também as 
celobiohidrolases (CBH), que são encontradas nas famílias GHF-6 e GHF-7. Além disso, 
existem as arabinofuranosidases, que atuam nas cadeias laterais das hemiceluloses, as quais 
são encontradas nas famílias GHF-43 e GHF-51 (Bourne and Henrissat, 2001).  
O segundo grupo são as endo-polissacaridases que tem como seu local de ação 
qualquer ponto interno da cadeia polissacarídica, sendo que o resultado da sua ação gera 
grandes fragmentos de polissacarídeos diminuindo a complexidade dos mesmos. Dentre essas 
enzimas destacam-se as celulases clássicas das famílias GHF-5, GHF-9, GHF-45, GHF-48, 
bem como as endo-xilanases das famílias GHF-10 e GHF-11. Outros exemplos de enzimas 
com atividade “endo” são endo-glucanases, xiloglucanases e liqueninases das famílias GHF-
8, GHF-12 e GHF-16, respectivamente. As polissacaridases podem ser ou não acopladas a 
domínios protéicos de ligação a carboidrato (CBMs) (Boraston et al., 2004), formando 
enzimas de multi-domínio (GH+CBM) ou de domínio único (apenas GH).  
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O modo da desconstrução da lignocelulose pela a ação das hidrolases glicosídicas foi 
por muito tempo um grande dogma, podendo ser ilustrado da seguinte forma: as endo-
polisacaridases atuam na quebra das cadeias de polissacarídeos gerando polissacarídeos de 
cadeias menores ou oligossacarídeos. Em conjunto, as exopolisacaridases agem nas regiões 
terminais dos polissacarídeos ou oligossacarídeos gerando dissacarídeos e monossacarídeos 
(Davies and Henrissat, 1995).  
Entretanto esse dogma foi revisto recentemente quando a literatura descreveu a 
ocorrência de enzimas capazes de atuar na quebra das cadeias polissacarídicas através de 
mecanismos de oxidação ao invés de hidrólise (Quinlan et al., 2011; Vaaje-kolstad, 2010). 
Coletivamente chamadas de mono-oxigenases líticas de polissacarídeo, ou do inglês “lytic 
polysaccharide monooxygenases - LPMOs”, essas enzimas oxidam por exemplo, o amido, 
xilano, celulose e quitina, sendo que os dois últimos polissacarídeos notoriamente são 
conhecidos por formar estruturas cristalinas (Agger et al., 2014; Horn et al., 2012). Por serem 
metalo-enzimas e possuírem um cobre em sua estrutura, as LPMOs são capazes de oxidar o 
carboidrato na posição C1 (carbono 1 do terminal reduzido) ou na posição C4 (carbono 4 do 
terminal não reduzido), ativando uma molécula de oxigênio molecular (O2) e usando um 
agente redutor como doador de elétrons (Quinlan et al., 2011).  
Esses elétrons podem ser doados pela enzima celobiose desodrogenase (CDH), a qual 
oxida celobiose e doa dois elétrons para uma LPMO (Quinlan et al., 2011), ou pela 
combinação de lignina de alto e baixo peso molecular (Westereng et al., 2015) ou ainda por 
pigmentos fotossensíveis quando excitados por luz, como por exemplos podemos citar a 
clorofila (Cannella et al., 2016). As LPMOs oxidam a lignocelulose, gerando 
monossacarídeos ácidos, tal como o ácido glucônico, ácido celobiônico, ácido celotriônico, 
celotetraônico e outros graus de polimerização, todos oriundos da oxidação da celulose. As 
LPMOs podem gerar também xilo-oligossacarídeos oxidados oriundos da oxidação de xilano 
e arabinoxilanos (Frommhagen et al., 2015;Bennati-Granier et al., 2015). 
As LPMOs são distribuídas nas famílias do CAZy AA9, AA10, AA11 e AA13. Entre 
as AA9 figuram-se as antigas GHF-61, que são encontradas apenas em fungos e são capazes 
de oxidar celulose, xiloglucano e xilano. As famílias AA11 e AA13 possuem LPMOs 
descritas para bactérias e fungo e elas degradam quitina e amido respectivamente. As LPMOs 
da família AA10 são encontradas somente em bactérias e vírus e são capazes de oxidar 
celulose e quitina (Levasseur et al., 2013). Dentro do nosso conhecimento, até o momento não 
 30 
existem descrições da presença de genes codificantes para enzimas das família AA9, AA10, 
AA11 e AA13 em animais ou plantas. 
1.7 Estudos dos digestomas de cupins 
O fenômeno de degradação lignocelulósica em animais foi por muito tempo descrito 
como resultado de uma associação destes organismos com simbiontes fúngicos, protozoários 
e/ou bacterianos presentes em seu trato digestivo. Porém, este cenário foi modificado quando 
dois trabalhos do final da década de 90 descreveram, pela primeira vez, dois genes endógenos 
que codificavam duas celulases da família GHF-9 nos cupins Reticulitermes speratus e 
Nasutitermes takasagoensis (Tokuda et al., 1997; Watanabe et al., 1998, 1997). 
Posteriormente, genes que codificam β-glicosidases da família GHF-1 foram descritos como 
sendo sintetizados pelo cupim Neotermes koshunensis (Tokuda et al., 2009, 2002). Desde 
então, esses genes e proteínas passaram a ser considerados como hidrolases glicosídicas 
endógenas. Posteriormente, Yan et al., (1998), (Yan et al., 1998) caracterizaram genes de 
celulases sintetizados pelos nemátodas e parasitas de plantas, Globodera rostochiensis e 
Heterodera glycines. A análise filogenética também evidenciou que esses genes eram de 
origem animal e pertenciam as famílias GHF-1 e GHF-9. Nos últimos anos, evidências de 
hidrolases glicosídicas endógenas em outros artrópodes foram amplamente descritas 
(Watanabe and Tokuda, 2001).  
 Dentre elas, podemos destacar as encontradas em lagosta, besouros e baratas 
(Watanabe and Tokuda, 2010a). A mais impactante foi a descrição de uma celobiohidrolase 
da família GHF-7 no Isopoda Liminoria quadripunctata, um artrópode marinho (King et al., 
2010). A origem evolutiva dessas hidrolases glicosídicas em animais, ainda permanece um 
campo não muito bem entendido pela literatura, com muitas hipóteses acerca dos processos 
evolutivos envolvidos. 
 As hidrolases glicosídicas de cupim são bastante caracterizadas do ponto de vista 
genético e bioquímico (Watanabe and Tokuda, 2010a). As endo-β-glicosidases RsEG e NtEG, 
ambas da família GHF-9, dos cupins Reticulitermes speratus e Nasutitermes takasagoensis 
respectivamente, foram as primeiras hidrolases glicosídicas a serem clonadas e expressas 
(Watanabe et al., 1998). A primeira β-glicosidase de cupim caracterizada foi a de Neotermes 
koshunensis e ela foi classificada como membro da família GHF-1(Tokuda et al., 2002). 
Posteriormente, outros genes codificantes para GHF-1 endógenas foram clonados e suas 
proteínas foram expressas e caracterizadas funcionalmente (Ni et al., 2007; Tokuda et al., 
2009).  
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 Recentemente, estudos de sequenciamento de ácidos nucléicos em larga escala 
ampliaram a diversidade dos genes que codificam enzimas CAZy em membros de diversas 
famílias de cupins. Essa abordagem tem sido muito explorada, pois a maioria dos simbiontes 
de cupins são micro-organismos não cultiváveis (Warnecke et al., 2007). Deste modo, todos 
os estudos da fisiologia digestiva de cupins que versam sobre abordagem “ômicas”, passaram 
a ser chamados de digestômica (Scharf and Tartar, 2008a),  
 Um dos primeiros trabalhos de metagenômica foi realizado com o cupim superior 
Nasutitermes corninger, o qual revelou mais de 700 genes com similaridades com enzimas 
CAZy, distribuídas por mais de 80 famílias de GHs (Warnecke et al., 2007). Existe descrição 
para quase todas as classes de hidrolases: celulases, xilanases, mananases, celobiases, 
arabinanases, módulos de ligação a carboidrato (CBMs), pectinases, quitinases entre outros. 
 Desde do trabalho de Warnecke et al., (2007) vários estudos sobre o digestoma de 
diversas espécies de cupins inferiores e superiores foram publicados. Diversas famílias de 
hidrolases glicosídicas (GHs), esterases de carboidratos (CEs), polissacarídeo liases (PLs) e 
de atividades auxiliares (AAs) foram descritas nesses estudos. Entre eles, destaca-se o 
metatranscriptoma de Reticulitermes flavipes. Este trabalho descreveu a presença de mais de 
170 genes possíveis para hidrolases glicosídicas distribuídos por 31 famílias de GHs. Entre 
essas sequências de GHs encontram-se celulases, celobiohidrolases, xilanases e pectinases. 
Outro ponto importante nesse mesmo trabalho, foram as sequências encontradas para 
carboidrato esterases, a qual exercem um papel importante na separação da lignina dos 
polissacarídicos que compõem a parede celular vegetal (Tartar et al., 2009).  
 Outro dado importante reportado neste mesmo trabalho foi à descoberta de genes 
endógenos para a degradação da lignina, como lacases da família AA1 e possíveis 
peroxidases, sem anotação de famílias do CAZy. Outras enzimas relacionadas a processos de 
pro-oxidação, antioxidação e detoxificação (enzimas PAD), ou seja, enzimas envolvidas na 
geração de espécies reativas de oxigênios (ROS), foram também correlacionadas com o 
digestoma de R. flavipes. Entre essas enzimas destacam-se superóxido dismutases (SODs), 
catalases (CATs), p450, Aldo-keto reductases (AKRs) e aldeído desidrogenases (ADHs) 
(Tartar et al., 2009). 
 Posteriormente, quatro esterases de carboidrato do cupim inferior R. flavipes (Wheeler 
et al., 2010a) e duas lacases da família AA1 (Coy et al., 2010), também do mesmo cupim, 
foram caracterizadas funcionalmente. Duas das esterases (RfEst1 e RfEst2) foram 
classificadas como JH (Juvenile Hormone Esterase) e membros da família CE-10 do CAZy. 
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As outras duas esterases (RfEst3 e RfEst4), de menor peso molecular, foram classificadas 
como possíveis feruloil esterases. As quatro enzimas exibiram elevada atividade enzimática 
usando o substrato modelo para atividade esterásica, o n-nafitil butirato (Wheeler et al., 
2010a). Os estudos com as lacases revelaram que RfLACA (lacase) foi capaz de promover 
modificações em vários substratos fenólicos e também em lignina extraída de pinheiro. 
Posteriormente, foi evidenciado que essa lacase atua em sinergia com uma celulase e uma β-
glicosidase endógenas de R. flavipes para o aumento da hidrólise de material lignocelulósico 
rico em hemicelulose (Coy et al., 2010).  
 Recentemente, Sethi et al., (2015) descreveram dados de metatranscriptômica e 
proteômica do cupim R. flavipes cultivados em papel de filtro, biomassa lignocelulósica e 
lignina solúvel. Este estudo demonstrou a superexpressão de enzimas PAD, tais como 
catalases (CATs), superóxido dismutases (SODs) e aldo-keto reductases (AKRs) em cupins 
submetidos à dieta com lignina solúvel embebida em papel de filtro e bem como em biomassa 
lignocelulósica. O mesmo trabalho clonou e expressou uma catalase e uma aldo-keto 
reductase que foram super-expressas, e foi evidenciado que elas atuam em sinergia com 
celulases e lacases endógenas, bem como com xilanases e celobiohidrolases de protozoários, 
para o aumento da hidrólise de biomassa lignocelulósicas em cerca de três vezes (Sethi et al., 
2013b). Porém nenhum mecanismo foi proposto para tal fenômeno, ficando evidente a 
necessidade de mais estudos para entender o papel dessas enzimas óxido-redutoras na 
conversão da biomassa por cupins. 
 Em 2014, dois genomas de cupins foram publicados. Poulsen et al., (2014) (Poulsen et 
al., 2014) descreveram o genoma do cupim superior Macrotermes natalensis e também o 
metagenoma desse inseto, que vive associado ao fungo do gênero Termitomyces sp, o qual 
degrada o material lignocelulósico. Neste trabalho ficou evidenciado que existe uma 
complementação do arsenal enzimático provenientes do cupim e do fungo, para atingir 
eficiente degradação da lignocelulose.  
Terrapon et al., (2014) descreveram o genoma do cupim inferior Zootermopsis 
nevadensis, o qual é conhecido como xilófago e habitante de madeira. A composição e a 
quantidades de cópias de genes codificantes para enzimas CAZy dos dois genomas de cupins 
foram muito similares, principalmente daquelas famílias relacionadas a degradação de 
lignoceluloses, tais como GHF-1, GHF-9, GHF-2, GHF-16 GHF-63 e GHF-74. 
Curiosamente, nenhuma enzima classificada como Atividade Auxiliares (AAs), foram 
encontradas nos genomas desses cupins, somente em seus simbiontes que ocupam o intestino 
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posterior, bem como no fungo Termitomyces sp. Entre essas AAs, destacam-se as das famílias 
AA9 (LPMOs) e AA3 (glicose oxidase e celobiose desidrogenase) (Terrapon et al., 2014). 
1.8 Biologia geral e digestoma de C. gestroi: o que sabemos até agora? 
 O cupim inferior Coptotermes gestroi pertence à família Rhinotermitideae e é um 
cupim xilófago, ou seja que se nutre de compostos lignocelulósicos. A origem da espécie é 
asiática e foi introduzida no Brasil no começo do século passado. Por ser uma espécie exótica, 
logo começou a se expandir pelo território nacional, causando danos em construções que 
usam a madeira como matéria-prima, tão logo, esta espécie ganhou o status de praga urbana 
mais danosa no estado de São Paulo (Costa-Leonardo et al., 1999). Essa espécie foi ainda por 
muitos anos descrita como Coptotermes havilandi e foi reclassificada por Kirton e Brown 
(2003) (Kirton e Brown, 2003) como C. gestroi.  
Dentro desse contexto, em 2006 foi iniciado o projeto do sequenciamento de ESTs de 
C. gestroi com intuito de gerar conhecimento básico sobre a biologia da espécie, com ênfase 
no estudo molecular da diferenciação das castas. O banco de ESTs gerou cerca de 1.800 
sequências (reads) com qualidade, que foram agrupados em 218 contigs e 220 singlets. 
Dentre os genes encontrados, duas hidrolases glicosídicas, as quais possuem alto índicie de 
similaridade com os de outros cupins: uma  Endo-β-Glicosidase e uma β-Glicosidase, 
denominados CfEG-1 e CfBG-1 respectivamente (Leonardo et al., 2011b). Deste modo, um 
dos objetivos desta tese foi estudar a bioquímica e a biofísica dessas duas enzimas, focando 
no papel delas na eficiência da degradação da biomassa lignocelulósica, o qual será descrito 
no Capítulo 2 desta tese. 
Leonardo (2010) (Leonardo, 2010) descreveu o metatranscriptoma para operários e 
soldados de C. gestroi no qual o banco de dados gerado possui cerca de 450 mega bases 
sequenciadas, com 1,5 milhões de reads de, em média, 350 pares de bases, que foram 
agrupadas em cerca de 110.000 unigenes. A análise de unigenes revelou que cerca de 600 
deles foram relacionados a proteínas ativas em carboidratos entre hidrolases glicosídicas e 
proteínas acessórias. Entretanto, o detalhamento deste estudo foi aprofundado nesta tese de 
doutorado, o qual será apresentado e discutido no Capítulo 2. 
Em estudo recente do nosso grupo (Franco Cairo et al., 2011), descreveu-se, pela 
primeira vez, análises bioquímicas e de metaproteômica do extrato bruto protéico total do 
cupim inferior C. gestroi. Foram observados por ensaios bioquímicos que o extrato bruto de 
C. gestroi era capaz de hidrolisar diversos polissacarídeos naturais (celuloses, hemiceluloses e 
pectina) em diferentes faixas de pH. O estudo ainda identificou por FPLC-LC-MS/MS mais 
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de 50 hidrolases glicosídicas, entre elas, enzimas responsáveis pela degradação de compostos 
lignocelulósicos, tais como celulases das famílias GHF-1, GHF-7, GHF-9 e hemicelulases das 
famílias GHF-3, GHF-10, GHF-11, e GHF-43, entre outras. Mais que isso, uma celulases da 
família GHF-7, com similaridade taxonômica ao grupo de protozoários, foi purificada e 
caracterizada bioquímicamente como uma endo-glucanase.  
Entretanto nenhuma enzima/proteína acessória, com a exceção de CBMs, foram 
encontradas nesse estudo. Em 2015, um estudo sobre o metagenoma do intestino posterior de 
C. gestroi foi publicado (Do et al., 2014), revelando o arsenal de enzimas CAZy que os 
simbiontes dessa espécie sintetizam. Os dados revelaram cerca de 600 genes com 
similaridades com hidrolases glicosídicas, sendo 300 delas relacionadas a celulases e 200 
relacionadas a hemicelulases de diversas famílias do CAZy. Genes com similaridade para 
AAs e PAD não foram descritos.  
Deste modo, nota-se a necessidade do aprofundamento do estudos do digestoma de C. 
gestroi, principalmente naqueles que possam descrever a composição das enzimas acessórias 
e auxiliares, de origem endógena e simbiótica bem como aqueles que possam sugerir  
mecanismos complementares a de degradação de lignoceluloses, tais como mecanismos 
oxidativos. 
 
2. MOTIVAÇÃO E OBJETIVOS 
 A motivação dessa tese de doutorado foi ampliar o entendendimento do 
funcionamento do digestoma do cupim inferior C. gestroi, com um objetivo principal de 
investigar a ocorrência de mecanismos auxiliares de degradação de biomassa lignocelulósica 
em cupins, principalmente por vias enzimáticas oxidativas, por exemplo, utilizando enzimas 
auxiliares do tipo ligninases (lacases, peroxidases) e esterases. A possibilidade de descrever 
um novo e complementar modelo de degradação de biomassa em cupins foi uma motivação 
importante no projeto, uma vez que essa informação pode gerar inovação e desenvolvimento 
de estratégias eficientes de conversão da biomassa para produção de bioetanol ou também de 
outras cadeias orgânicas. 
 Através de estratégias de metagenômica, proteômica e analises bioquímicas nosso 
estudo buscou entender esses mecanismos auxiliares à hidrolases glicosídicas (celulases e 
hemicelulases) no trato digestivo do cupim inferior Coptotermes gestroi. Dados da literatura e 
também do primeiro estudo desta tese, mostraram que as hidrolases glicosídicas endógenas 
não são eficientes bioquímicamente na degradação a biomassa lignocelulósica complexa. 
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Deste modo, nossa hipótese baseou-se na existência de mecanismos enzimáticos auxiliares 
que complementam as GHs endógenas e simbiônticas. 
 Uma segunda motivação dessa tese foi estudar o cupim C. gestroi, pois ele é a 
principal praga urbana do estado de São Paulo e também é o cupim mais estudado do ponto de 
vista de comportamento, distribuição, análises genômicas e proteômicas no Brasil. Desta 
forma, este trabalho justifica-se pelo fato de que os resultados aqui gerados podem trazer 
novas informações para a biologia de insetos em geral, bem como, para o desenvolvimento de 
novos coquetéis enzimáticos para a hidrólise da biomassa lignocelulósica. Além disso, 
entender profudamente a biologia digestiva dos cupins pode impulsionar as pesquisas que 
versam sobre o controle de pragas urbanas, uma vez que inibidores para as enzimas ativas em 
carboidratos bem como para as enzimas PAD podem ser usados como veneno. 
 
  
3. OBJETIVOS ESPECÍFICOS 
• Caracterizar as principais hidrolases glicosídicas do cupim C. gestroi, focando na sua 
potencial contribuição na degradação de material lignocelulósico. 
• Sequenciamento do metatranscriptoma do cupim C. gestroi por métodos de larga 
escala, visando identificar novas enzimas auxiliares e complementares a hidrolases 
glicosídicas. 
• Analisar a proteômica de C. gestroi focado na identificação de enzimas auxiliares e 
complementares a hidrolases glicosídicas.  
• Caracterizar funcionalmente essas novas enzimas auxiliares e investigar o papel delas 
no digestoma de C. gestroi. 
• Investigar potencias aplicações biotecnológicas dessas enzimas auxiliares. 
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 CAPÍTULO 2 - DOCUMENTOS PUBLICADOS, SUBMETIDOS E EM PREPARAÇÃO 
  
 Este capítulo traz três artigos científicos derivados da hipótese e objetivos dessa tese. A hipótese 
dessa tese é quanto a existência de mecanismos auxiliares ou complementares as hidrolases glicosídicas 
(GHs) atuando no digestoma de C. gestroi para a digestão de compostos lignocelulósicos. Dentre forma, o 
primeiro artigo, teve como objetivo caracterizar duas GHs de C. gestroi e entender seu funcionamento 
sinérgico e sua contirbuição ao digestoma desse inseto. No segundo artigo deste capítulo, o potencial de 
genes que codificam enzimas complementares a GHs em C. gestroi foi explorado e revelado, conforme o 
objetivo elencado no capítulo 1 dessa tese. Várias classes de enzimas, já descritas na literatura, foram 
encontradas em C. gestroi. No último artigo desse capítulo, o potencial de uma dessas enzimas 
complementares foi investigado compreesivamente, revelando seu potencial papel no digestoma de C. 
gestroi. Por fim um papel biotecnológico foi proposto para essa enzima. 
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1. ARTIGO 1. DECIPHERING THE SYNERGISM OF ENDOGENOUS GLYCOSIDE 
HYDROLASE FAMILIES 1 AND 9 FROM COPTOTERMES GESTROI 
Publicado em Insect Biochemistry and Molecular Biology, 43, pp. 970-981, 2013.  
Prefácio: Entre os objetivos traçados por esta tese estava a caracterização de duas hidrolases glicosídicas 
do cupim C. gestroi, focando na sua contribuição ao digestoma do animal. Assim, neste artigo foi 
abordado a caracterização funcional das duas principais hidrolases glicosídicas do cupim C. gestroi, uma 
Endo-glucanase da família GH9 e uma Beta-glicosidase da família GH1. Essas duas hidrolases são, de 
longe, as mais estudas em insetos e a literatura descreve elas como essenciais para o digestoma de cupins. 
As duas enzimas apresentaram um alta sinergia na degradação de celulose e polissacarídeos naturais, 
entretanto a quantidade de açúcar liberado da reação enzimática é muito pequena quando comparadas à 
literura de GHs de fungos e bactérias. Desta forma, ficou evidente que essa duas enzimas não são 
responsáveis pela grande eficiência dos cupins na degradação de biomassa lignocelulósica e que enzimas 
auxiliares são necessárias para uma degradação eficiente da biomassa vegetal. A minha contribuição no 
artigo se deu principalmente na clonagem e expressão heteróloga dos genes, caracterização funcional das 
enzimas e ensaios de sinergia, interpretação dos dados gerais e escrita do manuscrito. 
Título: Decifrando a sinergia entre as hidrolases glicosídicas endógenas das famílias 1 e 9 de 
Coptotermes gestroi 
Resumo do Artigo 
 Cupins podem degradar até 90% da lignocelulose que eles consomem, utilizando um repertório 
enzimatico endógeno e simbiôntico. Cupins são descritos por produzirem duas hidrolases glicosídicas 
principais, as quais são membors das famílias GH1 (EC 3.2.1.21) e uma GH9 (EC 3.2.1.4). Entretanto, o 
mecanismo molecular envolvido na degradação de lignoceluloses por essas duas enzimas é pouco 
estudado. O presente estudo foi realizado com o objetivo de entender a relação sinérgica entre GH9 
(CgEG-1) and GH1 (CgBG-1) de Coptotermes gestroi, o qual é considerado a principal praga urbana do 
estado de São Paulo no Brasil. Para isso, nós empregamos análises bioquímicas profundas, bem como, 
modelagem molecular computacional para tentar elucidar o modo de operação dessas duas enzimas. Os 
resultados mostraram que as duas enzimas possuem um grande efeito sinérgico na degradação de gluanos, 
gerando glicose como produto final. Isso ocorre devido a atividade de endo-b-1,4-glicosidase e exo-b-1,4-
glicosidase de CgEG-1 que atua em sinergia com CgBG-1, um enzima que possui alta performance 
catalítica, e que rapidamente converte os celooligossacarídeos em glicose. Entretanto, a abilidade de 
CgEG-1 em degradar lignocelulose complexa ou celulose microcristalina com alta eficiência não foi 
evidenciada. De forma geral, nossos dados não só proveram um aumento na compreensão dos efeitos 
sinérgicos dessas duas enzimas para a degradação da celulose, bem como, nos fornece pistas sobre o 
papel dessas duas enzimas na biologia de cupins.  
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ABSTRACT 
Termites can degrade up to 90% of the lignocellulose ingested by them using a repertoire of endogenous 
and symbiotic degrading enzymes. Termites have been shown to secrete two main glycoside hydrolases, 
which are GH1 (EC 3.2.1.21) and GH9 (EC 3.2.1.4) members. However, the molecular mechanism for 
lignocellulose degradation by these enzymes remains poorly understood. The present study was 
conducted to understand the synergistic relationship between GH9 (CgEG1) and GH1 (CgBG1) from 
Coptotermes gestroi, which is considered the major urban pest of São Paulo State in Brazil. The goal of 
this work was to decipher the mode of operation of CgEG1 and CgBG1 through a comprehensive 
biochemical analysis and molecular docking studies. There was outstanding degree of synergy in 
degrading glucose polymers for the production of glucose as a result of the endo-b-1,4-glucosidase and 
exo-b-1,4-glucosidase degradation capability of CgEG1 in concert with the high catalytic performance of 
CgBG1, which rapidly converts the oligomers into glucose. Our data not only provide an increased 
comprehension regarding the synergistic mechanism of these two enzymes for cellulose saccharification 
but also give insight about the role of these two enzymes in termite biology, which can provide the 
foundation for the development of a number of important applied research topics, such as the control of 
termites as pests as well as the development of technologies for lignocellulose-to-bioproduct applications.  
 
ABBREVIATIONS 
APTS, 8-aminopyreno-1,3,6-trisulfonic acid; BIN, in natura sugarcane bagasse; CD, circular dichroism; 
CMC, carboxymethyl cellulose; CZE, capillary zone electrophoresis; DNS, 3,5-dinitrosalicylic acid; DS, 
degree of synergism; GH, glycoside hydrolase; GOD, glucose oxidase; IMAC, immobilized metal affinity 
chromatography; PASB, phosphoric acid sugarcane bagasse; p-NP, p-nitrophenyl.  
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INTRODUCTION 
Termites are considered the smallest bioreactor in the world (Brune, 1998). The termite’s 
digestome can degrade up to 90% of the lignocellulosic biomass ingested (Katsumata et al., 2007) using a 
repertoire of endogenous and symbiotic degrading enzymes, accessory proteins, and putative ligninases 
(Chandrasekharaiah et al., 2011; Coy et al., 2010; Tartar et al., 2009; Todaka et al., 2010; Todaka et al., 
2007; Warnecke et al., 2007)(Hongoh, 2011). These enzymes and proteins are secreted in termite gut 
which is generally divided in three compartments: foregut, midgut and hindgut. Termites ingest 
lignocellulose material reducing the particle size to about 20 µm using their mandibles (Fujita et al., 
2010) and exposing these materials to the action of endogenous enzymes such as endo-b-1,4-glucosidase 
(GH9), b-glucosidase (GH1) (Brune and Ohkuma, 2011; Ohkuma, 2003; Ohkuma et al., 2008), laccases 
and esterases in the foregut (Coy et al., 2010; Sethi et al., 2013; Wheeler et al., 2010). These enzymes act 
on biomass depolymerization together with milling that is accomplished by a structure called pro-
ventricle or gizzard reducing the particle size to 10 µm (Fujita et al., 2010). This material passes to the 
midgut, where some glucose can be assimilated. Later, in the hindgut or fermentative chamber, protozoa 
symbionts can phagocyte lignocellulosic materials and degrade them using cellulases from families GH5, 
GH7, GH45 and hemicellulases from families GH10 and GH11 (Brune and Ohkuma, 2011; Ohkuma, 
2003; Ohkuma et al., 2008).   
The endo-b-1,4-glucosidase (GH9) and b-glucosidase (GH1) enzymes from termite salivary 
glands are the most characterized enzymes from the termite digestome (Cantarel et al., 2009; Ni et al., 
2005; Ni et al., 2007; Scharf et al., 2011; Scharf et al., 2010; Uchima et al., 2011, 2012; Zhang et al., 
2012; Zhang et al., 2011; Zhang et al., 2010; Zhang et al., 2009; Zhou et al., 2010);(Jeng et al., 2011; 
Khademi et al., 2002). However, the molecular mechanisms involved in the synergistic lignocellulose 
degradation by these enzymes remain poorly understood (Scharf et al., 2011; Zhang et al., 2010). 
Plant feedstocks have been implicated as a promising renewable alternative to petroleum and 
natural gas, mainly because lignocellulosic resources have the most favorable net energy ratio to maintain 
environmental sustainability (Hoogwijk et al., 2005). However, the precise breakdown of lignocellulosic 
biomass is a complex and lengthy process. The current technological schemes for bioconversion of plant 
cell wall polysaccharides into simple sugars rely on first reducing biomass recalcitrance through a 
pretreatment step and then, enzymatic cocktails are used where the main components are glycoside 
hydrolases (GHs). Fermentable saccharides can feed several bioprocesses, such as bioethanol production 
(Soccol et al., 2010), or the manufacture of bioplastics (Rincones et al., 2009).  
The concerted activity of at least three enzymes are needed for cellulose breakdown, endo-b-
glucanase, exo-b-glucanase (in some cases, termed cellobiohydrolase), and b-glucosidase (van den Brink 
and de Vries, 2011). According to several studies obtained from fungi (Converse and Optekar, 1993; 
Murashima et al., 2002; Woodward et al., 1988), the cellobiohydrolases are key enzymes for efficient 
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cellulose saccharification. Additionally, two main types of exocellulases (GH7 and GH6) work together 
processively from the reducing end and the nonreducing end of cellulose, respectively (Lynd and Zhang, 
2002). In contrast, termites can efficiently metabolize lignocellulose without secreting a “true” 
endogenous cellobiohydrolase, which is commonly found in fungal secretomes; however the activities of 
termite endogenous cellulases against microcrystalline cellulose are low.  
For instance, the lower termite, Coptotermes gestroi, is considered the major urban pest in Brazil 
(Jenkins et al., 2007) and it can hydrolyze almost all types of glycoside bonds found in natural 
polysaccharides (Franco Cairo et al., 2011), but it secretes only two main GHs, a GH9 (CgEG1) and a 
GH1 (CgBG1). These two enzymes, according to RNA expression studies, are upregulated in work caste 
suggesting a response to the digestion of lignocellulosic materials (Leonardo et al., 2011), once this caste 
is responsible for colony feeding (Barsotti and Costa-Leonardo, 2005).  
This study aims to gain a thorough understanding of the synergistic relationship between CgEG1 
and CgBG1 from C. gestroi. The mechanism of action of these enzymes was comprehensively evaluated 
through enzymatic assays with 8-aminopyreno-1,3,6-trisulfonic acid (APTS)-labeled oligosaccharides and 
computational docking. Because this study describes cloning and recombinant expression of genes coding 
for the endo-b-1,4-glucosidase (GH9) and b-glucosidase (GH1) from C. gestroi, biochemical parameters 
including substrate specificity, kinetics, thermal unfolding and conformational stability were pursued in 
the present work. Our data not only provide an increased comprehension regarding the synergistic 
mechanism of these two enzymes for cellulose saccharification but also give insight about the role of 
these two enzymes in termite biology. Investigating this aspect of termite biology may facilitate important 
applied research topics such as various lignocellulose-to-bioproduct applications. 
MATERIALS AND METHODS 
 Termites 
Specimens of C. gestroi (Wasmanm, 1986) were collected from field colonies with traps of 
corrugated cardboard and from incipient colonies reared in the Termite Laboratory of the Biology 
Department, UNESP, Rio Claro, São Paulo, Brazil (22º 23’S, 47º 31’W). Termites were kept at 25 ± 2°C. 
Worker termites were manually selected and frozen at - 80ºC. 
 Sequences and phylogenetic analyses 
The ORF Finder tool (http://www.ncbi.nlm.nih.gov/projects/gorf/) was used to predict the mature 
protein sequences from the gene sequences of endo-b-1,4-glucosidase (GH9) named CgEG1 and b-
glucosidase (GH1) named CgBG1. The protein sequences were analyzed for physical and biochemical 
parameters by ProtParam tool on the EXPASy server and the signal peptide was predicted by CBS server 
using SignalP 3.0 (Bendtsen et al., 2004).  
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 RNA extraction, cDNA construction, and gene cloning 
About 50 worker termites were utilized for total RNA isolation using TRIzol reagent (Invitrogen). 
RNA was purified with an RNeasy® Mini Kit (Qiagen). An aliquot of 2 µg of total RNA were reverse 
transcribed utilizing SuperScript II Reverse Transcriptase (Invitrogen) and the primer oligo dT [5′-
GGCGGCCGCACAACTTTGTACAAGAAAGTTGGGT(T)19-3′]. The cDNA was used as a template 
for the touchdown PCR method for cloning the enzymes. The full-length sequence of CgEG1, excluding 
the signal peptide, was amplified using Phusion pfu DNA polymerase (following guide protocol 
instructions) with the primers EG1F 5’ - ATATAGCTAGCGCTTACGACTACAAGACAGTACTG - 3’ 
and EG1R 5’ - ATATAGGATCCTTAAACGCCCAACGTGACGAGAG - 3’. The PCR was conduced 
in two rounds under following parameters. First round: denaturation at 98 ºC for 2 min; followed for 10 
cycles of denaturation at 98 ºC for 30 s; annealing at 60 ºC for 45 s; extension for 2 min at 72 ºC. The 
annealing temperature was reduced 1 ºC for cycler. Second round: denaturation at 98ºC for 30 s; 
annealing at 50 ºC for 30s; extension for 2 min at 72 ºC without reduction of 1 ºC for cycler. 
The full-length sequence of CgBG1, excluding the signal peptide, was amplified with the same 
polymerase and the following primers: BG1F 5’ - ATATAGCTAGCGATGACGTCGATAACGAGACC 
CTT G - 3’ and BG1R 5’ - ATATAGGATCCTTAGTCTCGGAAGCGCTCTGGAATC - 3’. First round: 
denaturation at 98 ºC for 2 min; followed for 20 cycles of denaturation at 98 ºC for 30 s; annealing at 65 
ºC for 45s; extension for 2 min at 72 ºC, The annealing temperature was reduced 1 ºC for cycler. Second 
round: denaturation at 98 ºC for 30 s; annealing at 48 ºC for 30s; extension for 2 min at 72 ºC without 
reduction of 1ºC for cycle. These primers included restriction sites for NheI and BamH1 (indicated in 
bold) in forward and reverse primers respectively for cloning the gene in the correct reading frame into a 
pET28a expression vector with an N-terminally fused 6 × His-tag.  
The amplicons were purified from a 1% agarose gel by electrophoresis with 0.3% crystal violet as 
dye using the Illustra GFX PCR DNA - Gel Band Purification kit (GE Healthcare). The purified 
amplicons were subjected to double digestion with NheI and BamH1 (BioLabs). Following a new 
purification, the amplicons were ligated into a pET28a vector (Novagen) at the corresponding restriction 
sites using T4 Ligase (Promega). The recombinant pET28a was propagated in Escherichia coli DH5α 
cells and the plasmids were purified using the Wizard Plus SV Minipreps DNA Purification System 
(Promega). The resultant plasmid was verified by sequence analysis and then transformed into expression 
cells. 
 Production of recombinants CgEG1 and CgBG1 
ArcticExpress E. coli cells (BL21-DE3- [cpn10 cpn60 Gentr]) (Agilent Technologies) were 
transformed with the fusion protein vector and propagated in LB plates (1 % bacto peptone, 0.5 % yeast 
extract, 0.5 % NaCl, 1.5 % agar). The cells were grown pre-inoculation in LB medium containing 
kanamycin and gentamicin and then incubated overnight at 30 ºC and 250 rpm. The pre-inoculums were 
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transferred to 500 ml LB media (without kanamycin and gentamicin) and grown for 4 h at 30 ºC and 
200 rpm. The culture cells had their grown temperature reduced to12 ºC, one-hour prior the induction of 
protein expression with a final concentration of 1 mM IPTG for 18 h. The culture cells were then 
harvested by centrifugation and resuspended in lysis buffer (100 mM NaCl, 5 mM imidazole in 20 mM 
sodium phosphate, pH 7.4). The suspension was sonicated 7 times for 10 s at 4 ºC after treatment with 0.5 
mg/ml lysozyme, 1 mM phenylmethanesulfonylfluoride and 50 µg/ml DNase I at final concentration 
during 1 h at room temperature.  
The solution was centrifuged at 8000 × g for 20 min and the supernatant was loaded onto a His-
Trap Ni2+-chelating affinity High Performance column (GE Healthcare). The protein was eluted by a non-
linear gradient of 0 to 500 mM imidazole in the aforementioned lysis buffer. The fractions were dialyzed 
against gel filtration buffer (100 mM NaCl in 20 mM sodium phosphate buffer, pH 7.4) and concentrated 
to 1 ml using the VivaSpin 10 kDa MWCO concentrator (GE Healthcare). Aliquots of 500 µl were 
applied on a gel filtration Superdex 75 column (GE Healthcare), pre-equilibrated with gel filtration buffer 
20 mM sodium phosphate; 100 mM NaCl buffer (pH 7.4). The purified enzymes, CgEG1 and CgBG1, 
were further analyzed by SDS-PAGE. The protein yield was assessed using the Bradford method 
(Bradford, 1976). 
 Biochemical characterization 
The standard enzymatic assays for recombinant CgEG1 and CgBG1 proteins were performed 
following a previously reported method (Squina et al., 2009). A McIlvaine buffer, a mixture of 0.1 M 
citric acid and 0.2 M disodium phosphate, was used in all biochemical characterizations. Depending on 
the pH, ranging from 4.0 to 8.0, the amount of each component varied. Briefly, 50 µl of substrate solution 
(0.5% polysaccharide content or 5 mM p-nitrophenyl-(pNP) oligosaccharide dissolved in MilliQ water) 
was incubated with 10 µl of diluted enzyme solution and 40 µl of buffer in the optimal pH for all 
enzymatic assays.  
Substrate specificity was determined against a set of polysaccharides (lichenan, from Icelandic 
moss; xyloglucan; b-glucan, from barley; laminarin, from Laminaria digitata; carboxymethyl cellulose 
[CMC]; Sigmacell 20 mm; in natura sugarcane bagasse [BIN]; phosphoric acid sugarcane bagasse 
[PASB]; potato starch; chitosan; glucomannan; galactomannan; b-1,4-mannan; beechwood xylan; oat 
spelt xylan; rye arabinoxylan;  debranched arabinan; larch arabinogalactan; linear arabinan; pectin; 
cellobiose and lactose) and synthetic pNPs (pNP-Glucopyranoside [pNP-G], pNP-Mannoside [pNP-M] 
and pNP-Cellobioside [pNP-C]) at 37 ºC using McIlvaine buffer at pH 5.5. CgEG1 and CgBG1 were 
incubated for 40 min and 5 min, respectively, both at a concentration of 10 ng/µl. The quantity of 
reducing sugars was detected by addition of 100 µl 3,5-dinitrosalicylic acid (DNS) after enzymatic assays 
using polysaccharides substrates (Miller, 1959). The absorbance was measured at 540 nm and a glucose 
standard curve was constructed for reducing sugar quantification. The enzymatic activity was based on 
 52 
pNP release from the synthetic substrates and was calculated after stopping the reaction by adding 100 
µl 1 M sodium carbonate (Franco Cairo et al., 2011). The absorbance was measured at 400 nm and a pNP 
standard curve was constructed for pNP quantification. All specific activities were calculated as 
µmol/min/mg. Reagents and substrates were purchased from Megazyme and Sigma-Aldrich.  
Determining the optimum pH, the enzymatic reaction was carried out using a range of McIlvaine 
buffer pH values from 4.0 to 8.0 where the enzyme (10 ng/µl) was incubated in buffer at 37ºC for 30 min. 
The optimal temperature was evaluated for each protein as described above in the range of 30-100ºC 
under optimal pH.  
For the thermal stability assays of CgEG1 and CgBG1, the enzymes were incubated from 30 sec 
to 1 h and 30 min at the following temperatures: 70 ºC, 60 ºC, 50 ºC, and 45 ºC. Then, the activity assay 
was performed at 40 ºC for 10 min with 0.5% b-glucan and 5 mM pNP-G for CgEG1 and CgBG1, 
respectively using both buffer in the optimal pH. The concentration of enzymes was 10 ng/µl. The half-
life (t1/2) was calculated as described previously (Aguiar-Oliveira and Maugeri, 2011). CgBG1 was also 
subjected to inhibition assays using a range of 1 to 1000 mM glucose as inhibitory compound in McIlvine 
buffer at optimal pH. The assays were performed at 51 ºC for 30 min using pNP-G as the substrate and 25 
ng/µl of enzyme. 
The kinetic parameters were calculated from initial velocities at concentrations varying from 0.2 
to 1.0% b-glucan for CgEG1 and 0.6 to 30 mM pNP-G for CgBG1. For CgEG1, the assays were 
conducted in 50 mM McIlvaine buffer (pH 6.0) at 50 ºC and 37 ºC for 10 min using a concentration of 15 
ng/µl of enzyme whereas the CgBG1 reactions were carried out using 50 mM McIlvaine buffer (pH 5.5) 
at 56 ºC and 37 ºC for 5 min both with 2 ng/µl enzyme concentration. The assays were performed in 
triplicate and at least three independent experiments were carried out.  
The degree of synergism (DS) was calculated as ab/(a + b) as described previously (Goncalves et 
al., 2012; Wang et al., 2011) using 0.5% CMC, 2% Sigmacell and 2 % of BIN and PASB as the substrates 
in a final volume of 750  ml using 100 mM sodium acetate pH 6.0 as buffer. The quantity of enzyme used 
was 250 ng of CgEG1 and CgBG1 when using CMC as substrate and 8 µg of each enzyme when using 
Sigmacell, BIN and PASB. The synergism assays using CMC as substrate was performed in triplicate at 
37 ºC and 800 rpm in a thermomixer for 6 h. For Sigmacell, BIN and PASB the assays were conducted at 
37 ºC during 20 h.  After hydrolysis, the release of glucose (saccharification) was measured by the 
glucose oxidase (GOD) method. The results were expressed as µmol/min. The lignocellulose 
compositions from BIN are 51% cellulose, 27% hemicellulose, 21% lignin and 1% ashes (Ribeiro et al., 
2012). For PASB are 47% cellulose, 19% hemicellulose, 23% lignin and 4% ashes (de Vasconcelos et al., 
2013).  
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 Capillary zone electrophoresis (CZE) of oligosaccharides 
The cellulose oligomers: cellohexaose (C6), cellopentose (C5), cellotetraose (C4), cellotriose 
(C3), and cellobiose (C2) (purchased from Megazyme) were derivatized with APTS (Sigma) by reductive 
amination using a method previously described (Naran et al., 2007). For derivatized oligomers, the 
enzymatic assays were performed with 1 µl (10 ng/µl) of each enzyme in 20 µl buffer containing 0.1 M of 
substrate derivatized with APTS, then rapidly submitted to CZE analysis (incomplete hydrolysis) or 
incubated at optimal temperature for 2 h (complete hydrolysis). For analysis of degradation products from 
cello-oligosaccharides and polysaccharides, the standard enzymatic assay described in topic 2.5 was 
performed and about 100 µl of the degradation products derived from enzymatic assays using 0.5% CMC, 
2% Sigmacell, 0.5% b-glucan, 2% PASB, 0.1 M of C3, C4, C5 or C6 were dried and derivatized with 
APTS.  CZE was performed on a P/ACE MQD (Beckman Coulter - Indianapolis, IN, USA) with laser-
induced fluorescence detection in according to previous studies (Franco Cairo et al., 2011). 
 Spectroscopic methods  
Far-UV circular dichroism (CD) measurements (190–260 nm) were carried out using a JASCO 
810 spectropolarimeter (JASCO Inc., Tokyo, Japan) with a 2.0-nm bandwidth, 1 nm resolution, and 1 s 
response time equipped with a Peltier module for temperature control. A 1 mm path length cuvette was 
used. Blank corrections were made in all spectra. All spectroscopic measurements were carried out with a 
sample prepared with 100 mM NaCl in 20 mM sodium phosphate buffer at pH 6.5. The enzyme 
concentration was 0.15 mg/ml for CgEG1 and 0.075 mg/ml for CgBG1. Results were expressed as mean 
residual molar ellipticity (θ) in 103 deg cm2/dmol. 
  In silico molecular modeling and docking simulations 
The three-dimensional structural models of CgEG1 and CgBG1 (without the signal peptide and 
the His-tag) were generated using SWISSMODEL (Kiefer et al., 2009)  with the endo-glucanase from N. 
takasagoensis (PDB id: 1KS8_A) and the b-glucosidase from N. koshunensis (PDB id: 3VIK_A) as 
reference structures, respectively. The QMEAN4 scores were also calculated for both enzyme models 
(Benkert et al., 2009). The secondary structure for each model was calculated using the Secondary 
Structure Server (Klose et al., 2010) and compared with the deconvoluted CD data. The identification of 
the docking binding sites was performed using the UCSF Dock 6.6 package (Lang et al., 2009) and UCSF 
Chimera 1.7 (Pettersen et al., 2004). The procedures were the same as described for T4 lysozyme 
(Sagermann and Matthews, 2002). The cavity sites were suggested by the docking program and 
confirmed using the crystallographic structures PDB id: 1JS4 (endo/exocellulase, E4 from 
Thermomonospora fusca) and PDB id: 3AI0 (a β-glucosidase from termite, N. koshunensis) as references. 
Because a large box was employed for the grid calculation, 300 simulation runs were performed for each 
substrate. The ligand orientations, ligand, receptor and overlap bins were set to 0.2 Å, and the distance 
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tolerance for matching of ligand atoms to the receptor was set to 0.75 Å. The substrates were obtained 
from the HIC-Up database (http://xray.bmc.uu.se/hicup/) and their charges were calculated using UCSF 
Chimera (AMBER ff12SB force field). All configurations found for CgEG1 were determined using the 
distance between the center of mass of the catalytic triad and the possible targeted glycosidic bond. After 
the molecular docking studies for CgBG1, the conformations with the lowest grid energy score were 
computationally solvated in water (SPC216) and equilibrated (after energy minimization) in the optimal 
temperature using the GROMACS 4.5.5 package (Pronk et al., 2013) and a CHARMM22 (Buck et al., 
2006) force field over a 5ps time duration. The topology files for the substrates were generated using 
SwissParam (Zoete et al., 2011). The average energy for short-range interactions between the protein and 
the ligand were used to estimate the differences in action patterns. The maps of interactions were 
calculated using Ligplot (Wallace et al., 1995).  
 
RESULTS 
 Cloning, expression, and purification of the recombinant CgEG1 and CgBG1 
This study describes cloning and recombinant expression of genes that codes for the endogenous 
endo-b-1,4-glucosidase (GH9) and b-glucosidase (GH1) from the termite, C. gestroi. The open reading 
frames of cgeg1 (GenBank accession number KC891003) and cgbg1 (GenBank accession number 
KC891004) from C. gestroi consist of 1347 bp and 1488 bp, respectively. cgeg1 encodes a mature protein 
with 432 amino acid residues and the peptide cleavage site was predicted at amino acid positions 16-17 
(SignalP prediction score of 0.98). The calculated molecular weight was 47.5 kDa and the isoelectric 
point (pI) was 4.8 for CgEG1. cgbg1 encodes a protein with 478 amino acid residues and the peptide 
cleavage site was predicted at positions 17-18 (SignalP prediction score 0.999). The calculated molecular 
weight was 54.5 kDa and the pI was 4.7 for CgBG1. After IPTG induction, the recombinant proteins were 
effectively expressed using ArcticExpress cells (E. coli BL21 DE3) where CgEG1 and CgBG1 were 
partial and total soluble respectively (Fig. S1). The protein purification steps included immobilized metal 
affinity chromatography (IMAC) (Fig. S1) and size-exclusion chromatography. SDS-PAGE analysis after 
purification by size-exclusion chromatography revealed highly pure protein preparations (Figure 1). 
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Figure 1. SDS-PAGE analysis of the recombinant CgEG1 (A, lane 1) and CgBG1 (B, lane 2) purified 
from E. coli. Lane L, molecular weight ladder. 
 
Figure 1S. SDS-PAGE analysis of CgEG1 and CgBG1 expressed in Arctic Express System. (A) CgEG1 - 
lane 1, lysate; lane 2, pellet; lane 3, IMAC flowthrough; lanes 4 and 5, IMAC fractions. (B) CgBG1 - lane 
1, lysate; lane 2, pellet; lane 3, IMAC flowthrough; lanes 4 and 5, IMAC fractions. The black arrows 
indicate the protein band. Lane L, molecular weight ladder (PageRuler unstained protein ladder - 
Thermoscientific) 
 
 Biochemical and biophysical characterization of CgEG1 and CgBG1 
Table 1 summarizes the biochemical properties of CgEG1. The highest specific activity of CgEG1 
was against b-glucan (51 µmol/min/mg), followed by glucomannan (27 µmol/min/mg), lichenan (8 
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µmol/min/mg), CMC (5 µmol/min/mg), PASB (0.0027 µmol/min/mg) and Sigmacell (0.001 
µmol/min/mg) (Table1).  
 
Table 1.  Biochemical properties of CgEG1 
 
 
Legend. BGL: b-glucan, GM: glucomannan, LIC: lichenan, CMC: carboxymethyl cellulose, SIGC: 
sigmacell, PASB: phosphoric acid swollen sugarcane bagasse. * The thermal stability was assessed by 
monitoring the effect of temperature on the protein secondary structure over the range of 20 to100 °C, by 
measuring the changes in the far-UV CD spectrum 
 
These substrates all have b-1,4- or b-1,3- glycosidic bonds between glucose-glucose or glucose-
mannose monomers. There were no hydrolytic activities demonstrated against the following substrates: 
BIN, starch, laminarin, beechwood xylan, oat spelt xylan, xyloglucan, mannan, chitosan, galactomannan, 
rye arabinoxylan, debranched arabinan, larch arabinogalactan, linear arabinan, and pectin in addition to 
pNP-G, pNP-C and pNP-M. The optimal pH of CgEG1 was 6.0 using b-glucan as the substrate. At pH 
3.0, no activity was detected. However, the enzyme retained 45% of optimal activity at pH 8.0. The 
optimal temperature was 50 ºC using b-glucan as the substrate for CgEG1, which retained up to 30% of 
optimal activity at 30 ºC and up to 10% at 90 ºC. Thermal stability was evaluated through t1/2 calculations 
at 45 ºC, 50 ºC, 60 ºC, and 70 ºC. The t1/2 values for each analyzed temperature were 46.21 min, 8.2 min, 
1.48 min, and 0.35 min, respectively. The kinetic studies were performed using b-glucan as the substrate 
at optimum pH and two different temperatures for CgEG1 (Table 1). The CD spectrum of CgEG1 showed 
a negative peak at 208 nm and a positive peak at ~ 192 nm (data not shown). The 208 nm peak is 
characteristic of the predominance of an α-helical secondary structure and the incomplete absence of a 
second negative peak at ~ 220 nm suggests a small b-sheet and unstructured loop content (Fig. 2S A). The 
deconvoluted data showed a predominance of random coils (42%) followed by α-helices (41%) and b-
sheets (17%). The melting temperature (Tm) was calculated by monitoring the isodichroic point at 208 
nm and plotting a graph of unfolding fraction vs. temperature The calculated melting temperature for 
CgEG1 was 55ºC (Table 1) (Fig. 2S B).  
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Figure 2S. Circular dichroism analysis of CgEG1. (A) Thermal denaturation throughout a range of 20-
90ºC. Each circular dichroism spectrum represents an average of eight scans. (B) Melting temperature of 
CgEG1 calculated at isodichroic point of 208 nm. The chart revealed a Tm of 55 ºC. 
 
The biochemical properties of CgBG1 are shown in Table 2. The highest specific activity was 
against cellobiose (192.4 µmol/min/mg) followed by pNP-G (34.2 µmol/min/mg), laminarin (10 
µmol/min/mg) and lactose (5 µmol/min/mg). Laminarin features b-1,3 and b-1,6 glycosidic bonds 
between two glucose monomers, while cellobiose and pNP-G (glucose-pNP) exhibit b-1,4 glucose 
linkages, and lactose has galactose-b-1,4-glucose linkages. At the experimental conditions tested, there 
was no activity detected against the following substrates: BIN, PASB, Sigmacell, CMC, pNP-C, pNP-M, 
beechwood xylan, xyloglucan, mannan, linear arabinan, pectin, lichenin and b-glucan (b-1,3;1,4 linkage-
containing substrates). The optimal pH was 5.0 using pNP-G as the substrate for CgBG1. Although the 
enzyme retained up to 70% of the optimal activity at pH 4.0 and pH 6.5, there was no activity detected at 
alkaline pH 8.0 or at acidic pH 2.5 (Table 2). The optimal temperature was 56 ºC using pNP-G as the 
substrate for CgBG1. The enzyme retained up to 50% of optimal activity at 30 ºC and up to 20% at 95 ºC. 
The calculated t1/2 values were 173.29 min, 16.31 min, 0.66 min and 0.18 min at 45 ºC, 50 ºC, 60 ºC and 
70 ºC, respectively (Table 2). The inhibition assays were evaluated with a glucose concentration range of 
0 to 1000 mM. CgBG1 retained up to 50% of the optimal activity in the presence of 300 mM of glucose 
(Fig. 3S). At glucose concentrations of 800 mM and 1000 mM, the CgBG1 activity decreased to 20% of 
the optimal activity. The Michaelis-Menten kinetic parameters for CgBG1 were determined using pNP-G 
at optimum pH and at two different temperatures (Table 2).  
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Table 2.  Biochemical properties of CgBG1 
 
Legend. CEL: cellobiose, pNPG: p-nitrophenyl glucopyranoside, LAM: laminarin, LAC: lactose. * The 
thermal stability was assessed by monitoring the effect of temperature on the protein secondary structure 
over the range of 20 to100 °C, by measuring the changes in the far-UV CD spectrum. 
 
 
 
Figure 3S. Effects of different concentrations of glucose on CgBG1 activity. 
 
The recombinant CgBG1 was subjected to CD analysis at 20 ºC. The resultant spectrum showed a 
negative peak at 222 nm and a positive peak at ~ 192 nm (Fig. 4S A).  The unique peak at 222 nm is 
characteristic of mix of α-helix and b-sheet secondary structures (Wu et al., 2008). The deconvoluted data 
showed a predominance of random coils (57%) followed by α-helices (38%) and b-sheets (5%). The 
calculated Tm for CgBG1 was 48 ºC (Table 2) by monitoring the isodichroic point at 222 nm and plotting 
a graph of unfolding fraction vs. temperature (Fig. 4S B). 
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Figure 4S. Circular dichroism analysis of CgBG1. (A) Thermal denaturation throughout a range of 20-
100ºC. Each circular dichroism spectrum represents an average of eight scans. (B) Melting temperature 
of CgBG1 calculated at isodichroic point of 222 nm. The chart revealed a Tm of 48 ºC. 
 
 Synergistic activity and the mode of action of CgEG1 and CgBG1 
The synergism assays were conducted using two different cellulosic substrates, CMC and the 
insoluble Sigmacell, and two lignocellulosic substrates derived from sugar cane bagasse, BIN and PASB. 
The cello-oligosaccharides released from these enzymatic assays were APTS-labeled and analyzed by 
CZE. The assays with CMC as the substrate showed a DS of 9.79 (Fig. 2A). Glucose was the main 
product, but there were small amounts of C3 and C4 as evidenced by CZE analysis when CgEG1 and 
CgBG1 were incubated with CMC (Fig. 2A). Using Sigmacell as the substrate, the calculated DS was 2.8 
(Fig. 2B) and using PASB, the DS was 2.8 (Fig. 2C). The formation of glucose as the main reaction 
product was verified when both enzymes were incubated with Sigmacell (Fig. 2B) and PASB (Fig. 2C). 
No activity was evidenced using BIN as the substrate (data not shown). 
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Figure 2. Synergistic effects of CgEG1 and CgBG1 on CMC and Sigmacell (type 20 µm) degradation. 
The release of glucose was measured by the GOD method and the relative activities (%) of the single and 
combined enzymes are shown. The degree of synergism (DS) was calculated as ab/(a + b) (Wang et al., 
2011). The hydrolysis of CMC showed a DS of 9.79 (A, left panel) and the Sigmacell saccharification 
showed a DS of 2.8 (B, left panel). The error bars represent the standard errors. Capillary zone 
electrophoresis of the enzymatic products of CgEG1 and CgBG1 with either CMC or Sigmacell verified 
the release of glucose (Gluc) as the main product (A and B, right panel). C3, cellotriose; C4, cellotetraose. 
 
 To better understand the mechanism of synergy, we performed series of analyses to elucidate the 
mode of operation of these enzymes. Firstly, the degradation products formed by CgEG1 after incubation 
with C3, C4, C5, and C6 were analyzed through CZE. In this experiment, the products were derivatized 
with APTS after hydrolysis. There was no evidence of CgEG1activity after incubation with C3. CgEG1 
degraded C4 into C2 poorly and there was low glucose (G1) and C3 content (Fig. 3A) produced. C3 and 
C2 were formed in similar amounts in the enzymatic assay of CgEG1 with C5 (Fig. 3B). The hydrolysis 
of C6 showed the release of mainly C3 by CgEG1, followed by a small C4 and C2 content (Fig. 3C).  
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Figure 3. Capillary zone electrophoresis of the breakdown products released by CgEG1. The products 
after the enzymatic hydrolysis of CgEG1 on C6 (A), C5 (B), and C4 (C) were labeled with APTS. The 
schemes depict the predicted cleavage pattern of CgEG1 on each substrate studied. The black arrow 
indicates the most preferred site of cleavage. The white arrow indicates the least preferred site of 
cleavage. Gluc, glucose; C2, cellobiose; C3, cellotriose; C4, cellotetraose; C5, cellopentaose; C6, 
cellohexaose. 
 
 We also evaluated the degradation pattern after incubation of CgEG1 with glucose polymers. After 
the incubation of CgEG1 with 0.5% b-glucan, C2, C3, C4, C5, C6 and larger oligosaccharides were 
formed (Fig. 4A). Similar results were observed in the assays using CMC as the substrate (Fig. 4B) where 
the main product was C3, followed by C4 and C2. Surprisingly, when CgEG1 was incubated with 
Sigmacell, a microcrystalline glucose polymer, the main oligosaccharide release was C2 with a small 
amount of C3 (Fig. 4C).  
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Figure 4. Capillary zone electrophoresis of the breakdown products released by CgEG1. The products 
after the enzymatic hydrolysis of CgEG1 on b-glucan (A), CMC (B), and Sigmacell (C) were labeled with 
APTS. Gluc, glucose; C2, cellobiose; C3, cellotriose; C4, cellotetraose; C5, cellopentaose. 
 
The mode of operation of CgBG1 was also determined with CZE by following the degradation 
products after incubation with APTS-labeled C6. The ordered production of C5 followed by C4, C3, and 
C2 was demonstrated (Fig. 5, middle panel) as expected for typical b-glucosidase activity. Additionally, 
the complete hydrolysis of C6-APTS further followed, showing that CgBG1 can degrade C2-APTS into 
glucose (Fig. 5, upper panel). There was no enzymatic activity detected for CgBG1 against xylohexaose 
(b-1,4), arabinohexaose (b-1,3), and laminarihexaose (b-1,3) by CZE.  
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Figure 5. Capillary zone electrophoresis of the breakdown products of APTS-labeled C6 incubated with 
CgBG1. Complete (upper panel) and incomplete (middle panel) hydrolysis of the APTS-labeled C6 
(lower panel) are shown. Gluc, glucose; C2, cellobiose; C3, cellotriose; C4, cellotetraose; C5, 
cellopentaose; C6, cellohexaose. 
 
 Molecular docking analysis of CgEG1 and CgBG1 
The computational modeling of the three-dimensional structure of CgEG1 using SWISSMODEL 
was performed using the crystal structure of endo-b-1,4-glucosidase (NtEG1) PDB id:1ks8_A from the 
lower termite N. takasagoensis (Khademi et al., 2002), as template. The model was generated with high 
confidence based on the QMEAN4 score of 0.699. Based on the CgEG1 model, the secondary structure 
was primarily α-helical (53.8%) followed by unstructured loops (43.6%) and b-sheets (2.6%). The 
CgEG1 model has an (α/α)6 barrel general fold architecture, common to the GH9 protein family 
members, with conserved catalytic Asp53, Asp56, and Glu411 residues (Fig. 6A). Importantly, only a few 
residue conformations changes were evident when the CgEG1 model was compared with the PDB id: 
1ks8_A. 
C6 was used as the substrate for the molecular docking studies. A total of 300 simulation runs 
were performed to provide the CgEG1 and substrate binding configurations (Fig. 6B). The configuration 
of the binding site was determined using the distances between the center of mass of the catalytic triad 
(Asp53, Asp56, and Glu411) and the possible glycosidic bond targeted for hydrolysis. The normalized 
occurrences showed that the most frequent glycosidic bond cleavage position found was C3 + C3 (Fig. 
6B), suggesting a -3, -2, -1, +1, +2, +3 cleavage subsite (Fig. 6C). The next most frequent occurrence was 
cleavage into C2 + C4 (suggesting a -2, -1, +1, +2, +3, +4 configuration) (Fig. 6D) followed by C4 + C2 
Figure 5
Gluc 
C3 
C4 
C5 
C2 
C2 
INCOMPLETE 
HYDROLYSIS 
COMPLETE 
HYDROLYSIS 
C6 - APTS 
SUBSTRATE 
Retention time 
 64 
(suggesting a -4, -3, -2, -1, +1, +2 configuration) (Fig. 6E). 
 
 
Figure 6. The molecular docking analysis to CgEG1. (A) Surface representation of CgEG1 in violet with 
the catalytic triad colored orange. (B) Table of favored binding site of CgEG1 showing their relative 
docking frequency and predict final products according to CZE analysis.  These final products were 
estimated using 300 docking runs based on the distances from the center of mass of the catalytic triad 
(residues D53, D56 and E411) and the position of the possible glycosidic linkage targeted for hydrolysis. 
The conformations that suggest the product release of C3+C3 (C), C2+C4 (D) and C4+C2 (E) are shown. 
All representations were prepared using PyMOL (The PyMOL Molecular Graphics System, Version 
1.5.0.4, Schrödinger, LLC). 
 
The modeling of the three-dimensional structure of CgBG1 was accomplished using PDB id: 
3ahzA as the template, which is the crystal structure of a b-1,4-glucosidase from the lower termite, N. 
koshunensis). A model was generated with high confidence based on the QMEAN4 value of 0.66 (Fig. 
7A and Fig. 7B). The secondary structure of the CgBG1 model was composed of 43.6% α-helices, 42.8% 
unstructured loops and 13.6% b-sheet secondary structures. The CgBG1 model has a (α/b)8 TIM-barrel 
general architecture commonly found in GH1 members and has conserved catalytic residues Glu173 and 
Glu382 (Fig. 7C and Fig. 7D). 
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Figure 7. A map of the interaction between CgBG1 and cellobiose. (A) A surface representation of the 
catalytic active site in the CgBG1 model and the docking of cellobiose (magenta). The catalytic triad is 
highlighted in yellow. The results were obtained using the DOCK6.6 (Lang 2009) and CHIMERA1.7 
(Perttersen 2004) programs. (B) A closer view of cellobiose inside the binding pocket of the enzyme. The 
ligand and the interacting residues are shown in stick format either in a three-dimensional (C) or a two-
dimensional (D) representation. The dotted lines represent the H-bonds of atoms in direct contact with the 
substrate. The residues, their respective distances, and the water molecules are shown. The structural 
representation was prepared using PyMOL (The PyMOL Molecular Graphics System, Version 1.5.0.4, 
Schrödinger, LLC) and the map of interaction was calculated using LigPlot (Wallace 1995). 
 
Molecular docking studies were also performed for CgBG1. The substrates utilized for this 
analysis were: cellobiose, lactose, laminaribiose, pNP-G and pNP-C (Fig. 7A and 7B). Among the 300 
conformations generated for each substrate, the residues involved in the interactions were mapped after 
rescoring the best complex (i.e., with the lowest grid score) through molecular dynamics simulations. 
Residues Glu431 and Trp424 made contacts with all substrates (Fig 7C). An analysis of the interactions 
using LIGPLOT (Wallace et al., 1995) revealed that the two acidic amino acids of the catalytic dyad, 
Glu173 and Glu382, interacted with a water molecule (Fig 7D), which is the basis for classical Koshland 
retaining hydrolysis (Koshland, 1953) through a two-step double-displacement mechanism via an 
oxocarbenium ion-like transition state. The Phe440, Trp432, Met187, Trp354, His235, and Thr176 
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residues are involved in hydrophobic interactions between the enzyme and its substrate (Fig. 7D). 
Glu431 and Trp424 form hydrogen bonds that immobilize the substrate (Fig. 7D). For the natural 
substrates, such as cellobiose, lactose and laminaribiose, the obtained short-range interaction energies 
were 214kJ/mol, -172kJ/mol and -147kJ/mol, respectively. For the synthetic substrates, pNP-G and pNP-
C, these interaction energies were -173kJ/mol and -145kJ/mol, respectively.  
 
DISCUSSION 
 Several studies of GH9 and GH1 members from the lower and higher termites are available in the 
literature, including functional and structural insights (Jeng et al., 2011; Khademi et al., 2002; Ni et al., 
2005; Ni et al., 2007; Scharf et al., 2011; Scharf et al., 2010; Uchima et al., 2011; Watanabe and Tokuda, 
2001; Zhang et al., 2012; Zhang et al., 2011; Zhang et al., 2010; Zhang et al., 2009; Zhou et al., 2010). 
Although there are studies that show the synergy between endogenous endoglucanases and b-glucosidases 
from termites (Scharf et al., 2011; Sethi et al., 2013; Zhang et al., 2010) to the best of our knowledge, 
there are no comprehensive studies regarding the mechanism of synergism and substrate docking analysis 
for termite enzymes in the literature. Moreover, some topics remain impenetrable, such as the reason why 
termites did not develop an endogenous cellobiohydrolase during their evolutionary history as well as the 
role of endogenous termite enzymes in recalcitrant cellulose degradation. 
 Herein, the study of the synergy between CgEG1 and CgBG1 for the production of glucose was in 
focus. The combination of these enzymes increased the glucose liberation up to 970-fold (Fig. 2A), 280-
fold (Fig. 2B) and 260-fold (Fig.2C) from CMC, Sigmacell and PASB, respectively. No activity against 
BIN was evidenced. The synergism of fungal cellulases for the saccharification of cellulose relies on three 
enzymatic activities as previous described and starts from a DS of 2.0 and 2.5 augmentation that can 
reach up to 200 and 250-fold (Chen et al., 2010; Converse and Optekar, 1993; Murashima et al., 2002; 
Woodward et al., 1988). The synergism against microcrystalline cellulose using termite enzymes RfEG1 
and RfBG1 was also previously reported (Scharf et al., 2011) with an observed 10-fold increase in glucose 
liberation. However, synergism against CMC was not evidenced. In the same work the authors reported a 
synergism of 300-fold against pine lignocellulose, a complex substrate. This DS is very similar with our 
data for PASB synergism. Although filter paper saccharification studies using the endoglucanase and b-
glucosidase from termite C. formosanus was previously described (Zhang et al., 2010; Zhang et al., 
2009), the DS was not evaluated.  
 In the present work, it is interesting to note the synergy activity against PASB, a pre-treated 
sugarcane bagasse with low content of hemicelluloses. On the other hand, in BIN the hemicellulose is 
firmly attached to the cellulose microfribilis not allowing an easy access to cellulose by enzymes (Souza 
et al., 2013). This fact may help to explain the inefficient synergism in saccharification of BIN by CgEG1 
and CgBG1 and any activity of CgEG1 on this complex lignocellulose. Moreover, these results suggest 
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the requirement of laccases, esterases (Coy et al., 2010; Wheeler et al., 2010) and putative oxidases that 
termites may secrete to detached hemicelluloses and lignin from complex natural substrates (Scharf et al., 
2011; Sethi et al., 2013). Collectively, all these observations led to the hypothesis that the endogenous 
cellulolytic system of termites evolved in a different manner than what is considered the central dogma of 
cellulose saccharification where the necessity of endoglucanases, cellobiohydrolases and b-glucosidases 
is assumed (Schwarz, 2001; Teeri, 1997; Woodward et al., 1988).  
 The preferred hydrolytic pattern of CgEG1 was investigated through the characterization of C6, 
C5 and C4 degradation products by CZE (Fig 3A). According to Ni et al. (Ni et al., 2005), the mutant 
EG-A18 from N. takasagoensis converted cellulose oligomers into mainly C3 and C2. On the other hand, 
CfEG5 from C. formosanus resembled a typical cellobiohydrolase because the major product was always 
C2 when using C3, C4, or C5 as substrates (Wang et al., 2011) (Zhang et al., 2011; Zhang et al., 2010), 
which suggests a different cleavage pattern than that of CgEG1. According to our data, the hydrolysis of 
C6 by CgEG1 produced C3 as the major product (Fig 3A), which represented the preferential cleavage of 
C6 by CgEG1 between the 3th and 4th glycosidic bond. Furthermore, the absence of the hydrolysis of 
laminarin (b-1,3: b-1,6 glucose linkage-containing substrates and laminarihexaose (b-1,3) suggested that 
CgEG1 is highly specific to b,1-4-glucose linkages. The same pattern was previously described for EG1 
from C. formosanus (Zhang et al., 2011; Zhang et al., 2009). In contrast, EGs from R. speratus hydrolyze 
laminarin but not curdlan (b-1,3-glucose linkages), which suggests that RfEG1 is capable of b-1,6 linkage 
hydrolysis (Ni et al., 2005).  
 According to our results and several other reports, termite GH9 enzymes can perform both endo-
/exo-type mechanisms of operation depending on the crystallinity of the substrate. Using b-glucan as the 
substrate, we showed that CgEG1 was able to release larger oligosaccharides up to C8 and C9 (Fig. 4A), 
which was expected for typical endo-glucanase activity (Wang et al., 2011). In accordance, the activity 
against CMC showed primary production of C3 followed by C2 and C4, and minor amounts of C5, C6, 
and C7 (Fig. 4B), which corroborates previous reports (Zhang et al., 2011; Zhang et al., 2010). However, 
when Sigmacell was used as substrate, C2 was the main degradation product (Fig. 4C), which resembles a 
cellobiohydrolase degradation pattern.  
To validate the biochemical analysis, the molecular docking of CgEG1 was performed using C6 as 
substrate (Fig. 6). Three putative subsite conformations emerged from the docking simulations (Fig. 6B). 
The most prevalent cleavage subsite depicted by our analysis was -3, -2, -1, +1, +2, +3 (45.4%) (Fig. 6C) 
followed by the -2, -1, +1 +2 +3 +4 subsite (36.4%) (Fig. 6D) and -4 -3 -2, -1, +1 +2  (18.2 %) (Fig. 6E) 
which is the most frequently described GH9 subsite (Li et al., 2007; Rudsander et al., 2008; Sakon et al., 
1997). It is important to note here that these frequencies of cleavage subsites and their predicted products 
(Fig. 6B) are in accordingly with our CZE analysis of CgEG1 mode operation using C6 as substrate (Fig. 
3C). Structural analysis after substrate soaking or co-crystallization with C6 or C5 determined that the 
cleavage subsite -4, -3, -2, -1, +1, +2 is most prevalent (up to 80-95%) for Thermobifida fusca and 
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Thermomonospora fusca GH9 (Li et al., 2007; Sakon et al., 1997). The prevalent CgEG1 binding 
subsite (-3, -2, -1, +1, +2, +3), which is in accordance with the CZE analysis (Fig. 3), resembles PttCel9 
from Populus tremula. In PttCel9, the catalytic binding site configuration of -4, -3, -2, -1, +1, +2 
accounted for approximately 60% and the -3, -2, -1, +1, +2, +3 configuration for approximately 40% 
(Rudsander et al., 2008).  Moreover, the -3, -2, -1, +1, +2, +3 configuration was the main configuration 
described for GH8 endoglucanases (Guerin et al., 2002), which have a (α/α)6 barrel structural fold similar 
to the GH9 members. 
 Our results depicted typical exo activity for CgBG1 (Fig 5) as expected for b-glucosidases (EC 
3.2.1.21). The oligosaccharide degradation from the non-reducing end by CgBG1 is in accordance to 
studies reported previously for C. formosanus (Zhang et al., 2010). According to our data, CgBG1 
exhibited the highest activities against cellobiose and pNP-G, and lower activities against laminarin and 
lactose (Table 2), which is in agreement with previous work (Ni et al., 2007; Scharf et al., 2010; Zhang et 
al., 2012). The hydrolysis of laminarihexaose (b-1,3) by CgBG1 was not evidenced by CZE, which 
suggests the high specificity of CgBG1 for b,1-4-glucose linkages. However, CgBG1 also hydrolyzed 
laminarin, a b-1,3 and b-1,6 polymer, therefore indicating the capacity to breakdown b,1-6-glucose 
linkages to a lesser extent. b-glucosidases with high activity against laminaribiose (b-1,3) and cellobiose 
(b-1,4) were described for N. koshunensis, N. takasagoensis, and C. formosanus (Ni et al., 2007; Uchima 
et al., 2012; Zhang et al., 2012). In contrast, the b-glucosidase from Reticulitermes flavipes exhibited low 
hydrolytic activity on laminaribiose according to another study (Scharf et al., 2010). CgBG1 is also an 
excellent b-glucosidase with a high turnover (kcat/Km) on it optimal temperature 56 ºC and 37 ºC 
according to this study and others (Jeng et al., 2011; Scharf et al., 2010) (Jeng et al., 2011; Scharf et al., 
2010); 
 Understanding better and validating the differences regarding the substrate specificity among 
termite GH1, docking analyses followed by molecular dynamics were performed with CgBG1 (Fig. 7). 
The docking revealed that C2, lactose and pNP-G had average energies for short-range interactions of -
214kJ/mol, -172kJ/mol and -173kJ/mol, respectively. However, laminaribiose and pNP-C resulted in 
higher energies (-143kJ/mol and -145kJ/mol, respectively). Taken together, the short-range interaction 
energies defined by docking supported the biochemical analysis, suggesting that the enzymatic 
degradation of laminaribiose and pNP-C is not favorable or, alternatively, the hydrolysis is hindered by 
steric restrictions.  
 According to our findings, CgEG1 and CgBG1 present a high degree of synergism in cellulose 
degradation without the requirement of a true cellobiohydrolase, such as the enzymes classified into 
families 6 and 7. CgEG1 is highly specific to b,1-4-glucose linkages and features both endo and exo 
hydrolytic patterns, generating C2 and C3 as the main products, followed by various cellulose oligomers. 
According to this study, CgBG1 shows a very high kcat/Km and converts the products of CgEG1 into 
glucose very rapidly. However, the glucose production yield of CgEG1 and CgBG1 together is 
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significantly worse than the fungal cellulases mixtures (Schwarz, 2001; Teeri, 1997; Woodward et al., 
1988); thus, cellobiohydrolases may be a key enzyme for high saccharification yield. According to this 
evidence and the fact that CgEG1 (this study) as well as others termite EGs exhibited low efficiency 
against crystalline cellulose and some complex lignocellulose substrates (Ni et al., 2005; Ni et al., 2007; 
Scharf et al., 2011; Sethi et al., 2013; Tokuda et al., 2012; Watanabe and Tokuda, 2010; Zhang et al., 
2011; Zhang et al., 2010; Zhang et al., 2009; Zhou et al., 2010), we suggest that cellulose is, in fact, 
poorly degraded by the endogenous termite enzymes. However, the high synergy for minimal glucose 
production is requisite to maintain the physiological function of termite mandibles and gizzard structures 
in the midgut (Brune and Ohkuma, 2011; Tokuda et al., 2012). Moreover we hypothesize that the 
evolution of a true endogenous cellobiohydrolase was likely not favored in the termite digestome and the 
occurrence of a highly efficient endogenous cellobiohydrolase would likely contribute negatively for the 
establishment of symbiotic relationships or disfavor the nutritional bacteria and protozoa in the hindguts.  
CONCLUSIONS  
 The study presented herein provides a description of the synergism and mechanism of action of 
two major endogenous cellulolytic enzymes secreted by C. gestroi. CgEG1 typically has an endo-b-1,4-
glucosidase degradation pattern but also accomplishes exo-b-1,4-glucosidase activity. CgBG1 is an 
excellent b-glucosidase with a high kcat/Km according to this study and others (Jeng et al., 2011; Scharf 
et al., 2010); thus, CgBG1 can efficiently hydrolyze the products of CgEG1 into glucose. Despite CgEG1 
showing low efficiency against insoluble substrates, these enzymes together show a high degree of 
synergism, along with high specificity for b-1,4 glucose linkages in pre-treated sugarcane bagasse and 
non-natural celluloses. We expect that our findings regarding substrate specificity, the mode of operation, 
and the molecular modeling studies will shed light on the role of endogenous GHs in the termite 
digestome as well as highlight the potential use of these enzymes in lignocellulose-to-bioproduct 
applications. 
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2. ARTIGO 2 - DISCOVERY OF CARBOHYDRATE-ACTIVE ENZYMES IN CASTES 
OF THE LOWER TERMITE COPTOTERMES GESTROI 
Submetido a Frontiers In Microbiology 
 
Prefácio: Neste artigo, uma análise do metatranscriptoma e do metaproteoma de duas castas de C. gestroi 
foi realizado, focando na descoberta do repertório de enzimas CAZy e enzimas auxiliares relacionadas a 
processos de antioxidação, pró-oxidação e detoxificção (PAD) que esse inseto sintetiza. Desta forma, o 
artigo revelou que as castas operária e dos soldados possuem um repertório similar de enzimas CAZy, a 
qual foi confirmada através de ensaios bioquímicos para hidrolases glicosídicas, e também de enzimas 
PAD. Os dados ainda mostraram a ocorrência de diversas famílias de Atividades Auxiliares (AAs), tais 
como lacases e glicose oxidases, bem como as enzimas PAD superóxido dismiutases (SOD), Aldo-keto 
redutases (AKR), p450 e catalases (CAT). Desta forma, as análises evidenciaram várias enzimas 
consideradas auxiliares à hidrolases glicosídicas ocorrendo em duas castas de C. gestroi, sugerindo que 
essas enzimas podem atuar em sinergismo com as GHs endógenas para uma melhor degradação da 
biomassa vegetal. A minha contribuição no artigo se deu principalmente na interpretação dos dados de 
transcriptoma, focado na descoberta das enzimas CAZy e PAD, todos os experimentos de proteômica e 
ensaios bioquímicos, além da escrita do manuscrito.  
 
Titulo:  Descoberta de enzimas ativas em carboidratos em castas do cupim inferior C. gestroi 
 
Resumo do Artigo 
Os cupins são considerados um dos decompositores mais eficientes de lignoceluloses na Terra devido à 
sua capacidade de sintetizar e secretar, juntamente com os seus simbiontes microbianos, um repertório de 
enzimas ativas em carboidratos (enzimas CAZy). Recentemente, um grupo de enzimas pró-oxidante, 
antioxidante e de desintoxicação (PAD) também foram correlacionados com o metabolismo de 
carboidratos e lignina em cupins. O cupim inferior Coptotermes gestroi é considerado a principal praga 
urbana no Brasil, causando danos a construções de madeira. Recentemente, a análise do repertório 
enzimático de C. gestroi revelou a presença de diferentes enzimas CAZy. Como o perfil de genes de 
CAZy/PAD sintetizado endogenamente por C. gestroi e também pelos seus  simbiontes protistas ainda 
não está claro, o objetivo deste estudo foi explorar o repertório eucariótico destas enzimas nas castas dos 
operários e soldados de C. gestroi. Nossos resultados mostraram que operários e soldados apresentaram 
repertórios semelhantes de enzimas CAZy e PAD, bem como também confirmou que a endo-glucanase- 
(GH-9) e a beta-glucosidases-(GH-1) foram as mais famílias representativas de hidrolases glicosídicas 
relacionadas com a degradação da lignocelulose em ambas as castas. Celulases clássicas, tais como exo-
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glucanases- (GH-7) e endo-glucanases- (GH-5 e GH-45), bem como xilanases- clássicas (GH-10 e GH-
11), foram encontrados em ambas as castas, sendo taxonomicamente relacionadas somente aos protistas, 
destacando a importância da simbiose em C. gestroi. Além disso, nossa análise revelou a presença de 
enzimas das famílias de Atividade Auxiliares (AAs), que podem ser relacionados com modificações da 
lignina nos digestomas de cupins. Em conclusão, este artigo expandiu o conhecimento sobre genes e 
proteínas relacionadas às enzimas CAZy e PAD sintetizados por operários e soldados de cupins 
inferiores, revelando novas enzimas candidatas à processos de biocombustíveis de segunda geração. 
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ABSTRACT 
 
 Termites are considered one of the most efficient decomposers of lignocelluloses on Earth due to 
their ability to produce, along with its microbial symbionts, a repertoire of carbohydrate-active enzymes 
(CAZymes). Recently, a set of pro-oxidant, antioxidant and detoxification enzymes (PAD) were also 
correlated with the metabolism of carbohydrates and lignin in termites. The lower termite Coptotermes 
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gestroi is considered the main urban pest in Brazil, causing damage to wood constructions. Recently, 
analysis of the enzymatic repertoire of C. gestroi unveiled the presence of different CAZymes. Because 
the gene profile of CAZy/PAD enzymes endogenously synthesized by C. gestroi and also by their 
symbiotic protists remains unclear, the aim of this study was to explore the eukaryotic repertoire of these 
enzymes in worker and soldier castes of C. gestroi. Our findings showed that worker and soldier castes 
present similar repertoires of CAZy/PAD enzymes, and also confirmed that endo-glucanases-(GH-9) and 
beta-glucosidases-(GH-1) were the most important glycoside hydrolase families related to lignocellulose 
degradation in both castes. Classical cellulases such as exo-glucanases-(GH-7) and endo-glucanases-(GH-
5 and GH-45), as well as classical xylanases-(GH-10 and GH-11), were found in both castes only 
taxonomically related to protists, highlighting the importance of symbiosis in C. gestroi. Moreover, our 
analysis revealed the presence of Auxiliary Activity enzyme families (AAs), which could be related to 
lignin modifications in termite digestomes. In conclusion, this report expanded the knowledge on genes 
and proteins related to CAZy/PAD enzymes from worker and soldier castes of lower termites, revealing 
new potential enzyme candidates for second-generation biofuel processes. 
 
Key words: termites; carbohydrate-active enzymes, CAZy, auxiliary activity enzymes, second-generation 
biofuels, termite digestomes. 
 
 
 
INTRODUCTION 
Termites are social insects that play fundamental roles in carbon cycling in tropical forests, display 
characteristic labor division among castes and are highly efficient at lignocellulose degradation (Hongoh, 
2011; Ohkuma, 2003). These insects infest cities worldwide, causing damage to wood structures and 
buildings as well as several billion dollars’ worth of damages annually in the U.S.A. (Judith Korb, 2007). 
Conversely, such efficient decomposers can be considered a good model to overcome challenges in the 
development of biotechnologies for the conversion of lignified plant biomass into feedstock sugars, which 
is now a main focus in the biofuels research field. 
 Termites live in colonies (self-organized systems) and are typically distributed into castes 
including workers, soldiers, a king, a queen and alates reproductives (Barsotti and Costa-Leonardo, 2005). 
The worker caste is responsible for feeding the colony and distributes the food, which is originally from 
lignocellulolytic materials, to other castes by stomodeal or proctodeal trophallaxis process. The soldier 
caste is accountable for colony defense against invaders and this caste is fed by worker caste via 
trophallaxis, thus they receive the food partially digested (Kitade, 2004). All these castes have a mutually 
beneficial symbiotic relationship (in their guts) with bacteria species and, in the case of lower termites, 
also with protists (Hongoh, 2011). 
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Termites are also considered one of the most efficient decomposers of lignocelluloses on earth 
(Katsumata et al., 2007b) and a better understanding of these organisms could lead to important 
technological improvements necessary to make the lignocellulose-to-biofuel conversion route more 
profitable (Franco Cairo et al., 2011; Scharf, 2015; Sethi et al., 2013b; Warnecke et al., 2007). Termites 
ingest plant biomass particles, reduce their sizes (20 µm - 10 µm) (Fujita et al., 2010) and expose them to 
a repertoire of endogenous and symbiotic carbohydrate-active enzymes (CAZymes). This set of genes, 
enzymes and co-factors that termites and their gut symbionts produce to degrade lignocelluloses biomass 
is named the digestome (Scharf and Tartar, 2008b).  
The termite gut is generally divided into three main compartments: the foregut, midgut and 
hindgut. In the foregut, termites can secrete endogenous glycoside hydrolases, laccases and putative 
esterases (Coy et al., 2010; Watanabe and Tokuda, 2010b; Wheeler et al., 2010b). The endogenous 
enzymes act in biomass depolymerization together with the milling action of a structure called the pro-
ventricle or gizzard. In the midgut, some termite species are able to secrete specialized enzymes for 
biomass deconstruction (Fujita et al., 2010). The hindgut or fermentative chamber is the location of the 
symbionts. The great biodiversity in the hindgut is reflected in the wide taxa range of the resident 
microorganisms that includes mainly protists (in lower termites) and bacteria from the Bacteroidetes, 
Spirochaetes and Firmicutes phyla (Warnecke et al., 2007), which play an important role in carbohydrate 
and nitrogen metabolism. The protist species can phagocytose and degrade lignocellulosic materials, 
while the endo- and ectosymbiotic bacteria supply the protists and termites with nitrogen metabolites and 
acetate (Brune, 2014a).  
Recent studies on termite digestomes revealed several CAZymes, such as those of the glycoside 
hydrolase families (GH), including cellulases and hemicellulases, carbohydrate esterase families (CE) and 
auxiliary activities (AA), such as Laccases (Coy et al., 2010; Tartar et al., 2009; Wheeler et al., 2010b). 
Moreover, the release of Zootermopsis nevadensis and Macrotermes natalensis genomes expanded the 
knowledge on CAZy genes on lower and higher termites (Poulsen et al., 2014; N Terrapon et al., 2014). 
In spite of this large diversity of CAZymes, several studies have shown that termite endogenous 
glycosidases (GH-9 and GH-1) and symbiotic glycosidases (GH-5, GH-7 and GH-45) had low activity 
against recalcitrant lignocellulose biomass (Franco Cairo et al., 2013a; Fujita et al., 2010; Otagiri et al., 
2013). Moreover, the enzymatic degradation and modifications of lignin that occur in termites have not 
been fully elucidated (Geib et al., 2008; Katsumata et al., 2007b; Ke et al., 2012). Previous reports 
showed evidences that several enzymes related to pro-oxidant, antioxidant and detoxification process 
(herein abbreviated as PAD) could be related to termite digestome. Sethi et al., 2013 reported that 
endogenous PAD enzymes, such as catalase and an aldo-keto reductase, could act in synergism with 
endogenous and symbiotic carbohydrate-active enzymes from lower termite Coptotermes formosanus. 
Thus, enzymes related to these processes could be a key to understand the high efficiency of termites in 
the degradation of lignocellulosic materials.  
 81 
Coptotermes gestroi was previously classified as a lower termite, belonging to the 
Rhinotermitidae family, which was introduced in Brazil in the early years of the past century (Kirton and 
Brown, 2003). Nowadays, this specie is considered the main urban pest in Brazil, causing damage to 
buildings and wood constructions (Barsotti and Costa-Leonardo, 2005; Chouvenc et al., 2015). C. gestroi 
has protists and bacteria in its hindgut and it is capable to produce several carbohydrate-active enzymes, 
however, the occurrences of these enzymes were only reported throughout biochemical assays and 
proteomic data (Franco Cairo et al., 2011; Lucena et al., 2011). Moreover, CAZy genes in this termite 
were only described for endogenous endo-glucanase (CgEG1-GH-9) and ß-glucosidase (CgBG1-GFH1) 
(Franco Cairo et al., 2013a; Leonardo et al., 2011a). Recently, a metagenomic approach in C. gestroi’s 
gut provided only insights in the CAZy gene repertoire for the free-living bacteria (Do et al., 2014), thus, 
the metatranscriptomic and the metaproteomic profile of CAZy and PAD enzymes endogenously 
synthesized by C. gestroi as well as by their symbiotic protists remains unclear.  
Therefore, the aim of this work was to explore the repertoire of CAZy-PAD genes and enzymes in 
workers and soldier castes of the lower termite C. gestroi, focused on the transcripts and peptides 
produced by C. gestroi and its protists, both eukaryotic organisms. Thus, we expected that our report 
could provide knowledge to termite biology as well as targeting new enzymes for the development of 
second-generation biofuels process. 
 
METHODS 
Termites 
Specimens of C. gestroi (Wasmanm, 1986) were collected from field colonies with traps of 
corrugated cardboard and maintained in the Termite Laboratory of the Biology Department, UNESP, Rio 
Claro, São Paulo, Brazil (22º 23’S, 47º 31’W). Termites were kept at 25 ± 2 °C and fed with pine wood 
chips with 10% of humidity.  
 
RNA isolation and sequencing 
 Prior RNA extraction, termites were washed in saline solution (1% NaCl) to remove possible 
microorganism occurring in its exoskeleton.  After, total RNA (10 µg) was extracted from the whole 
bodies of 50 workers and 50 soldiers using TRIZol reagent (Invitrogen) and purified using RNeasy Plant 
Mini Kit (Qiagen) under manufacture instructions. The quality of RNA was verified using RNAnano chip 
Bioanalyzer 2100 (Agilent). The cDNA from workers and soldiers were synthesized using Oligo-dT for 
mRNA enrichment (kit Superscript III RT TM - Invitrogen) and sequenced using high throughput 
sequencing platform, under manufacture instructions, (GS FLX Titanium/Roche) generating single-end 
reads. 
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Metatranscriptome assembly  
The pyrograms from workers and soldiers were processed using the sff_extract program (MIRA 
Package) to convert the sff file into a fasta file and remove low-quality or adaptor sequence ends. The 
cdhit-454 program was used to eliminate identical and nearly identical (>98% identical) duplicates reads 
(Niu et al., 2010). Finally, the BDtrimmer program (Baudet and Dias, 2006) was used to perform the 
sequence trimming (poly A/T, adaptor and low-quality regions). The trimmed non-ribosomal reads larger 
than 100 bp were assembled into contigs and singlets using the MIRA EST sequence assembler version 
3.0.3 (Chevreux et al., 1999) with the default parameters for 454 data.  
Sequence data of 454 reads from soldier and worker libraries was submitted to SRA/NCBI under 
the accession number SRR1774237 and SRR1774239, respectively. This Transcriptome Shotgun 
Assembly project was deposited at DDBJ/EMBL/GenBank under the accession GCET00000000. The 
version described in this paper is the first version, GCET01000000. 
 
ESTs annotation and discovery of CAZy and PAD genes 
The EST unigenes were BLASTed against the protein sequence database (NCBI/NR) using an e-
value threshold of 1e-5 and classified into four taxonomic groups (insect, fungi, bacteria and protist). The 
taxonomic classification was performed by comparing homologous organisms (identified in the first hit of 
the BLASTx/NR output for each unisequence) with a list of all organisms described in the insect, fungi 
and bacteria groups extracted from the NCBI/taxonomy database. The protist unigenes were defined as 
containing one homologous organism in the taxonomic group of Parabasalia (taxid 5719) that was 
represented by more than 121,414 entries.  
 For the discovery of genes related to CAZy and PAD enzymes, HMM-based methodology was 
applied to identify these genes among the EST unigenes from both castes of C. gestroi. The sequences 
related to the carbohydrate-active enzymes were downloaded from the CAZy database. Since this 
database has been organized into proteins families, these CAZy protein families were aligned using 
clustalW (Larkin et al., 2007) with the default settings, and the HMM models were calculated and 
calibrated using hmmbuild and hmmcalibrate from the HMMER package (Finn et al., 2011). For PAD 
enzymes identification, the HMM models related to a specific Pfam of interest were downloaded from 
Pfam database and used to searches. The list of Pfams used to categorize the classes of PAD genes was 
previously described in the literature (Sethi et al., 2013b; Tartar et al., 2009). Thus, the identifications of 
unigenes, correlated with CAZy and PAD enzymes, were performed by comparing the total EST unigenes 
and HMM models using hmm-search with an e-value cut-off of 1e-5 and a configuration appropriate for 
use with parameters of local searches. Additionally, the EST unigenes identified as CAZy and PAD 
enzymes were compared to the Pfam database using the RPS-BLAST program with an e-value threshold 
of 1e-5 to confirm our methodology. The dbCAN or CAT databases (Park et al., 2010; Yin et al., 2012) 
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could be used for the identification of CAZymes, however both lack the PAD sequences. After the 
identification and annotation of CAZy and PAD unigenes, a read counting for each Pfam domain was 
performed and also classified based on their taxonomy origins in both castes.  
 
Mass spectrometry analyses 
 The protein was extracted from the whole bodies of 50 workers and 50 soldiers as previously 
described (Franco Cairo et al., 2011). The protein extract (75 µg) from each caste was loaded into a 12% 
SDS-PAGE gel and bands at 19 kDa, 26 kDa, 34 kDa, 50 kDa, and 90 kDa and above 90 kDa were 
excised, reduced (5 mM dithiothreitol, 25 min at 56°C), alkylated (14 mM iodoacetamide, 30 min at room 
temperature in the dark), and digested with trypsin (Promega). The samples were dried in a vacuum 
concentrator and reconstituted in 50 µL of 0.1% formic acid to extract the peptides from the gel. The 
supernatant was transferred to new tubes and 4.5 µL of the resulting peptide mixture was analyzed on an 
ETD-enabled LTQ Velos Orbitrap mass spectrometer (Thermo Fisher Scientific) coupled with LC-
MS/MS by an EASY-nLC system (Proxeon Biosystems) through a Proxeon nanoelectrospray ion source. 
The peptides were separated by a 2-90% acetonitrile gradient in 0.1% formic acid using a PicoFrit 
Column analytical column (20 cm x ID75 µm, 5 µm particle size, New objective) at a flow rate of 300 
nL/min over 27 min. The nanoelectrospray voltage was set to 2.5 kV, and the source temperature was 
200°C. All instrument methods for the LTQ Velos Orbitrap were set up in the data-dependent acquisition 
mode. The full scan MS spectra (m/z 300-1,600) were acquired in the Orbitrap analyzer after 
accumulation to a target value of 1e6. The resolution in the Orbitrap was set to r = 60,000, and the 20 most 
intense peptide ions with charge states ≥ 2 were sequentially isolated to a target value of 5,000 and 
fragmented in the linear ion trap by low-energy Collision-Induced Dissociation - CID (normalized 
collision energy of 35%). The signal threshold for triggering an MS/MS event was set to 1,000 counts. 
Dynamic exclusion was enabled with an exclusion size list of 500, exclusion duration of 60 s, and repeat 
count of 1. An activation q of 0.25 and an activation time of 10 ms were used.  
 The spectra were acquired using the software MassLynx v.4.1 (Waters - Milford, MA, USA), and 
the raw data files were converted to a peak list format (mgf) without summing the scans using the Mascot 
Distiller v.2.3.2.0 software (Matrix Science Ltd.). These spectra were searched against the C. gestroi 
database (181,554 unigenes; 42,520,001 residues - generated by the unigenes identified in the 
metatranscriptomic analysis described above) using the Mascot v.2.3.01 engine (Matrix Science Ltd.) 
with carbamidomethylation as the fixed modification, oxidation of methionine as a variable modification, 
one trypsin missed cleavage and a tolerance of 10 ppm for precursor ions and 1 Da for fragment ions.  
 All datasets processed using the workflow feature in the Mascot software were further analyzed in 
the software ScaffoldQ+ to validate the MS/MS-based peptide and protein identifications. Peptide 
identifications were accepted if they could be established at greater than 60.0% probability as specified by 
the Peptide Prophet algorithm (Keller et al., 2002). Peptide identifications were also required to exceed 
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specific database search engine thresholds. Mascot identifications required at least both the associated 
identity scores and ion scores to be greater than 31. Protein identifications were accepted if they could be 
established at greater than 80.0% probability for peptide identification. Protein probabilities were 
assigned using the Protein Prophet algorithm (Nesvizhskii and Aebersold, 2004). Proteins that contained 
similar peptides and could not be differentiated based on the MS/MS analysis alone were grouped to 
satisfy the principles of parsimony. The scoring parameter (Peptide Probability) in the ScaffoldQ+ 
software was set to obtain a false discovery rate (FDR) of less than 2%. Using the number of total spectra 
output from the ScaffoldQ+ software, we identified the differentially expressed proteins using spectral 
counting. A normalization criterion, the “quantitative value”, was applied to normalize the spectral 
counts. All mass spectrometric raw file associated with this study is available for download via FTP from 
the PeptideAtlas data repository by accessing the following link: 
http://www.peptideatlas.org/PASS/00574. 
Biochemichal analysis 
 
 Biochemical assays using the whole worker and soldier crude extract were performed to evaluated 
tha ability of this extract into hydrolyze natural polysaccharides and synthetics substrates. The assay were 
performed as previously described by Franco Cairo et al. (2011) at 37 ºC for 1 hour.  
 
RESULTS 
Metatranscriptomic sequencing and overview analyses of C. gestroi ESTs  
 Two cDNA libraries using oligo-dT were constructed from whole bodies of specimens of worker 
and soldier castes of C. gestroi without replicates aiming to perform only gene discovery of CAZy and 
PAD enzymes. The libraries were sequenced using the GS FLX Titanium system from Roche, producing 
approximately 800,000 single-ends reads for each library. All sequence data is summarized in figure 1A. 
After trimming, high-quality expressed sequence tags (ESTs) were obtained from worker and soldier 
libraries. The MIRA EST sequence assembler configured with the default parameters for 454 data was 
used with success to perform the transcriptome assembly. The majority of contigs were shared by both 
castes (Fig. 1A). Moreover, the workflow applied in sequencing data analysis was also described (Fig. 
S1). 
The unisgene annotation using BLASTx against NCBI/NR was performed and could assign 
protein hits for only 28.8% of the unigenes (Supporting Information 1). Based on homology searches 
using BLASTx against NR, the unigenes could be classified into insect, protist, bacteria and fungi 
taxonomic groups (Fig. 2A). As expected, most of the proteins were of insect group, but there was a 
contribution of protists and fungi organisms, as it was expected due to symbiotic organisms that inhabit 
the termite gut. Although poly-A enrichment step was used, unigenes classified into bacteria group were 
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also identified (around 3%). In addition, other taxonomic groups were identified, including 
Branchiostoma, Hydra, Strongylocentrotus, Ixodes and some other genera (data no shown). 
 Although a high number of unigenes were identified based on comparisons with other insect 
transcriptome projects available at the gene index project website (Quackenbush et al., 2001) 
(approximately 25,000 and 55,000 unique sequences from Apis mellifera and Drosophila melanogaster 
were identified, respectively), more detailed analyses of the sequence data were carried out. We further 
evaluated the number of contigs with BLASTx/NR hits as a function of the contig coverage and analyzed 
the ratios of the insect and symbiont hits found in these contigs. The distribution of reads/contigs revealed 
a high number of contigs that were assembled based only on a few reads, e.g., 48% of contigs were 
assembled based only on two reads (Fig. 2B). In the same figure, the red line shows that the number of 
unigenes of symbiotic origin that showed similarity to known proteins (BLASTx/NR) increased as a 
function of the contig coverage, and only 15% of the unigenes assembled based on two reads resulted in 
hits to known proteins.  
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Figure 1. Metaproteotranscriptomic overview of C. gestroi castes. (A) Metatranscriptomic summary 
and venn diagram showing contigs distribution between worker and soldier castes. It was generated 
1,526,647 reads and a total of 833,821,790 base pairs were sequenced. After trimming low-quality 
sequences, adaptors and removing the ribosomal RNA sequences, a total of 335,965 and 393,961 high-
quality expressed sequence tags (ESTs) were obtained from the worker and soldier libraries, respectively. 
MIRA package was applied for assembling, which it generated 107,775 contigs and 3,045 singlets 
grouped into 110,881 unigenes with a total of 61,535,748 base pairs. (B) Metaproteomic summary and 
venn diagram showing protein/unique peptides distribution between worker and soldier castes.  
 
 Another interesting result was observed when the percentage of insect and symbiotic protein hits 
was plotted as a function of the contig coverage (Fig. 2C). For instance, almost 27% of the contigs 
assembled and based on two reads were from symbiotic organisms, and this number decreased as a 
function of the contig coverage. These results suggested that contigs assembled based on a few reads (2, 3 
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or 4 reads) mostly represent unknown proteins or non-coding RNAs that were probably highly 
expressed in symbiotic organisms, which were likely represented at low cell densities. 
 
Figure 2. Analyses of C. gestroi metatranscriptome. (A) The taxonomic distribution of C. gestroi 
unigenes. (B) The distribution of the number of contigs (black bars) and BLASTx/NR hits (red line) as a 
function of the contig coverage. (C) The distribution of insect hits (black line) and symbiont hits (red line) 
as a function of the contig coverage.  
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Metatranscriptomic-driven discovery of CAZy and PAD unigenes from castes of C. 
gestroi 
 The metatranscriptomic analysis of workers and soldiers from the lower termite C. gestroi has 
revealed a total of 778 unigenes containing Pfam domains assigned to CAZy and PAD enzymes. The 
results revealed unigenes from 32 different glycoside hydrolases families (GH), 8 Auxiliary Activities 
enzymes subfamilies (AA), 8 carbohydrate esterase families (CE), 2 polysaccharide lyase families (PL) 
and 5 classes of PAD.  
 
Figure 3. Summary of CAZy and PAD enzymes identified in C. gestroi metatranscriptome. Bubble 
chart from worker (A) and soldier (B) castes showing the number of unigenes and the number of reads 
identified as CAZy and PAD components. The size of the bubbles is proportional to the number of 
different families assigned to each group. GHF Glycoside Hydrolase Families; AA - Auxiliary Activity 
Families; CE - Carboxyl Esterase Families and PL - Polysaccharide Lyase Families; PAD - Pro-
oxidant/Antioxidant and Detoxification enzymes. (C) Taxonomic distribution of Cazy and PAD reads 
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from worker and soldier. Symbiont = protist. The distribution of reads with similarity to CAZy families 
and PAD enzymes of worker (D) and soldier (E) metatranscriptome is shown. 
 
 The glycoside hydrolases and PADs were the most represented unigenes in both castes (Fig. 3A 
and 3B). The majority of these unigenes were homologues to insect sequences, however, there were a 
counterpart of sequences with homology to symbionts (Fig. 3C), mainly from protists. Figures 3D and 3E 
show the distribution of reads throughout the CAZy families and classes of PAD for worker and soldier, 
respectively. Table 1 describes in detail the distribution of CAZy and PADs enzymes identified by our 
analysis, along with their respective Pfams and taxonomic origin, such as insect, protist and bacteria. 
Although the analysis was based on sequences derived from poly-A (for eukaryotic organisms), the 
bacterial sequences discovered in this analysis were maintained in the results due to their representative 
information for the main objective of this work, which was the discovery of CAZy and PAD genes in C. 
gestroi castes. No fungi sequences related to CAZy and PAD enzymes were found. 
Among the GHF, the predominant family in the worker caste was GH-9, followed by GH-13, GH-1, GH-
18, GH-39, GH-25, GH-16 and GH-7. In soldier caste, the most abundant family was GH-18, followed by 
GH-9, GH-1, GH-13, GH-7 and GH-25. From these abundant families, GH-9, GH-39, GH-16 and GH7 
harbors typical members displaying enzymatic activity related to carbohydrates from plant cell wall.   
Regarding the unigenes related to cellulose degradation, endo-glucanases (GH-5, GH-9, and GH-45) and 
beta-glucosidases (GH-1) sequences were reported to insect and protist taxonomic origins. Exo-
glucanases (GH-7) were reported only of protist origin.  
The GHFs found in both worker and soldier libraries involved with hemicellulose degradation 
were GH-3, GH-8, GH-10, GH-11, GH-16, GH-26, GH-29 and GH-31. Classical xylanases (GH-10 and 
GH-11) were classified only with protist origin. Beta-glucosidases/xylosidases (GH-3), lichenases (GH-8) 
and endo-mannanases (GH-26) were classified with bacteria origin. Laminarases (GH-16) and alpha-
fucosidases (GH-29) were only of insect origin and alpha-glucosidase/xylosidase (GH-31) was assigned 
to insect and protist taxonomic origin. However, for instance, a termite enzyme classified, as GH-16 was 
previous described as Gram-negative bacteria-bind protein (DGNBP) in Coptotermes formosanus 
(Hussain et al., 2013).  
 Regarding the auxiliary activities enzymes, members of the families/subfamilies AA-1.3, AA-3.2, 
AA-3.3, AA-4, AA-5.1, AA-5.2, AA-6 and AA-8 were found in worker and soldier libraries. AA-3.2 was 
the most abundant subfamily in both workers and soldiers, followed by AA-3.3 and AA-1.3. The 
sequences of AA-1.3, AA-3.3 and AA-4 were only of insect origin, while AA-3.2 sequences were both of 
insect and protist origin. The AA-3 family contains GMC_ oxidoreductase domain (PF00732), which 
catalyzes the oxidation/ reduction of glucose/ alcohol/ pyranose and generation of hydrogen peroxide as 
product. The literature has suggested this reactive oxygen specie as a co-factor for lignin peroxidases and 
Fenton reaction applied for lignocellulose breakdown (Levasseur et al., 2013). On other hand, the 
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ecdysone oxidases from insect Bombyx mori play a role in cuticle formation rather than lignocellulose 
degradation and this enzyme contains GMC domain (Sun et al., 2012).  
 The AA-1.3 subfamily contains a Cu2_oxidase pfam domain (PF00394), which is also found in 
multi-copper laccases. AA-5.1 and AA-5.2 family members were also found from both castes, but 
sequences of protist origin were only identified for AA-5.1 subfamily and for AA-5.2 both insect and 
protist sequences were detected. The sequences from AA-3.2, AA-3.3, AA-4, AA-5.1 and AA-5.2 are part 
of a family that contains glucose, alcohol, vanillyl-alcohol, glyoxal and aldehyde oxidases also involved 
in hydrogen peroxide generation and lignin oxidation (Levasseur et al., 2013). Interestingly, AA-6 and 
AA-8 reads were identified of worker and soldier only with insect origin. These AAs feature protein 
domain are known to be involved in the generation of Fenton components and iron reduction, respectively 
(Arantes et al., 2012; Levasseur et al., 2013). Sequences related to the AA-2 and AA-3.1 families, which 
contains lignin peroxidases and cellobiose dehydrogenases respectively as well as for the families AA-9, 
AA-10, AA-11 and AA-13 classified as Lytic Polysaccharide Monoxygenases - LPMOs (Levasseur et al., 
2013) were not identified in this study.  
 The predominant CE family found in our analysis was CE-10, followed by CE-4 and CE-1. The 
identified CE-10 and CE-4 reads were only of insect origin, whilst CE-1 reads were of both insect and 
protist origins. The unigenes from CE-3 and CE-6 families were only of protist origin. CE-10 family is 
reported to contain only genes/proteins that are not involved with carbohydrate modifications. Wheeler et 
al. (2010) suggested that proteins with COesterase domain (PF00135), for instance members of CE-10, 
could act as feruloyl esterases in termites. Otherwise, the families CE-1, CE-3, CE-4 and CE-6 are 
described as acetyl xylan esterases, directly involved in hemicelluloses modifications. Another class of 
CAZymes found in our analysis was PL (polysaccharide lyases), but only two families of this class were 
identified in this study, the PL-11, a rhamnogalacturonan lyase, and PL-1, a pectate lyase (Cantarel et al., 
2009b). The most abundant family was PL-11, which had only sequences of insect origin. 
 Among the PAD components, the predominant class identified was p450, followed by aldo-keto 
reductase (AKR), glutathione transferase (GST), superoxide dismutase (SOD) and catalase (CAT). The 
reads classified as p450 members were predicted to be of insect and protist origin. The AKR reads in both 
castes also assigned with unigenes from insect and protist. In the case of the GST class, the results were 
similar to those for AKR. For the SOD and CAT classes, the results showed that both classes had 
sequences of insect and protist origins. 
 Considering that whole termite bodies were used for RNA extraction, it is important to mention 
that not all enzymes should be considered as components of the termite digestome. In order to investigate 
potential involvement in the termite digestome, further analysis to identify secretion signals was 
performed on all the unigenes classified as CAZy and PAD. As a result, our bioinformatic analysis 
suggested that the majority of unigenes from CAZy families and all PAD classes identified by 
metatranscriptomics display unigenes predicted with secretion signals (Table 1, Table S2 and Supporting 
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Information 2). Secretion signals were identified in glycoside hydrolase unigenes related to cellulose 
degradation (such as GH-1, GH-9, GH-16), mannan degradation (such as GH-2) and AA members 
(families AA-1.3, AA-3.2, AA-3.3, AA-5.2 and AA-8) related to cellulose and lignin oxidation. Unigenes 
from CE families, which are directly involved in biomass degradation, such as CE-1, CE-4 and CE-13, as 
well as PL-11, were predicted with secretion signals (Table 1). As expected, all unigenes from protists 
indicated as cellulolytic enzymes, such as those from families GH-5, GH-7 and GH-45, and the 
hemicellulolytic enzymes from GH-10 and GH-11, did not present secretion signals (Table 1 and S1), 
since the degradation of lignocellulose by protists has been reported to occur in phagocytic vesicles in the 
cytoplasm of these microorganisms.  
 
Metaproteomic-driven discovery of CAZy and PAD enzymes from C. gestroi castes 
Metaproteomic analysis was also performed to elucidate the profile of carbohydrate-active and 
PAD enzymes in the lower termite C. gestroi. Mass spectrometry-based proteomics was used, which is a 
consolidated method applied for metaproteomics (Burnum et al., 2011; Franco Cairo et al., 2011). The 
summary of the metaproteomic results of worker and soldier castes is provided in Figure 1B. In total, 
1,420 proteins were identified in the metaproteome of C. gestroi (identified from 3.744 total peptides in 
both castes), applying the criterion of one unique peptide with a 2.0% False Discovery Rate (FDR) 
(Supporting Information 3). The use of one unique peptide in the metaproteomic analysis is acceptable in 
literature only if the FDR is below 5.0% (Tanca et al., 2013; Tang et al., 2014). Moreover, the number of 
identified proteins represented 1.3% of the predicted unigenes in the metatranscriptomic analysis.  
Performing the analysis based on the criterion of one unique peptide, 433 peptide matches for 
CAZy and PAD enzymes were identified. These peptide matches were distributed across 73 different 
proteins: 28 classified as GHF, 27 as PAD, 6 as AA families, and 12 as CE (Fig. 4A and 4B), moreover, 
the majority of these peptides were of insect origin (Fig. 4C). The distribution of the peptides throughout 
taxonomic origin as well as the CAZymes families and PAD enzymes are also described in Table 2. 
These results are in agreement with the metatranscriptomic data, confirming that the GHs and PAD 
enzymes were the highly abundant (based on spectrum counts) in both castes of C. gestroi, as well as, that 
the majority of the protein matches are of insect origin (Fig. 3C and 4C). 
The distribution of the peptides throughout the CAZy families and domains of PAD enzymes are 
described in figure 4D, 4E and Table 2. The most abundant glycoside hydrolase family in both castes was 
GH-9 (Fig. 4D and 4E). The second most abundant family was GH-7, followed by GH-1. Several 
previous studies have reported that these GH families are directly involved in cellulose breakdown 
(Cantarel et al., 2009b; Franco Cairo et al., 2013a; Scharf, 2015). All GH-9 and GH-1 peptide matches, 
for both workers and soldiers, were of insect origin, and conversely, GH-7 peptide matches were of 
protist origin. Our results also identified peptide matches for proteins involved in hemicellulose 
degradation in both castes, such as peptides from proteins of GH-2 and GH-29 families that were of insect 
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origin, the GH-3 and GH-26 families that were of bacterial origin and the GH-5 and GH-10 families of 
protist origin.  
The AAs identified in our metaproteomics data were from families AA-3 and AA-5 for both castes 
(Table 2), in which the most abundant in soldier was AA-3 and AA-5 in workers. All auxiliary activity 
enzymes identified were of insect origin. No AA-1 (laccases) and AA-4 family members were found in 
our metaproteomic analysis. Concerning the CE members, our analysis resulted in the identification of 4 
families in the workers and soldiers, all of insect origin. CE-1 family members were only identified in the 
soldiers. Likewise, CE-4 protein was identified only in the workers. CE-10 was the most abundant family 
identified in both castes.  
The PAD enzymes were also assigned in the metaproteomic analysis of C. gestroi. Five different 
Pfam domains were identified in the workers and soldiers. Based on spectrum counts, GST was the most 
abundant PAD enzyme in both castes, followed by CAT. SOD and AKR was the third most abundant 
enzyme in workers and soldier, respectively. Regarding the taxonomy of the PAD enzymes, our results 
indicated that insect was the major contributor of these components. However, two SODs were of 
Crustacea and Actinopterygii origin, and one CAT was of Platyhelminthes origin. 
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Figure 4. Summary of CAZy and PAD enzymes identified in C. gestroi metaproteome. Bubble chart 
from worker (A) and soldier (B) castes showing the number of proteins and the number of peptides 
identified as CAZy and PAD components. The number inside and the size of the bubble represent the 
number of different families (Cazy) and domains (pfam) found in metaproteomic analysis, respectively. 
GHF - Glycoside Hydrolase Families; AA - Auxiliary Activities Families; CE - Carboxyl Esterase 
Families and PL - Polysaccharide Lyase Families; PAD - Pro-oxidant/Antioxidant and Detoxification 
enzymes. (C) Taxonomic distribution of Cazy and PAD peptides in worker and soldier  - symbiont = 
protist and bacteria. The distribution of peptides with similarity to CAZy and PAD enzymes of worker 
(D) and soldier (E) metaproteome is shown. 
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Several proteins identified by proteomics contained secretion signals (Table 1), thus confirming 
our transcriptomics findings. Among them, proteins correlated to lignocellulose breakdown were found 
from insect and bacteria origin, such as GH-1, GH-2, GH-9, GH-16, GH-26 and GH-29. All proteins from 
protists, assigned as cellulolytic enzymes, did not present secretion signals, as expected. In addition, 
putative secretion signals were identified in proteins from families AA-3 and AA-5, as well as from PAD 
enzymes, such as SOD and AKR. Regarding carbohydrate esterases, one CE-10 was identified as 
containing a secretion signal (Table 2).  
 
Biochemical Analysis 
 The crude protein extracts of C. gestroi workers and soldiers were tested for their ability to 
breakdown natural polysaccharides and synthetic substrates. All these assays were performed with 
biological and technical triplicates. The biochemical assays using polysaccharides were performed using 
the same amount of protein source from both castes. The results showed that the worker crude extract 
could breakdown all the substrates tested more efficiently than the soldier crude extract. According to 
figure 5A, the crude extracts from both castes exhibited the highest activity toward ß-glucan, followed by 
lichenin, rye arabinoxylan, xylan, xyloglucan, CMC, laminarin and pectin. No activity was detected 
against arabinan and debranched arabinan. For the p-nitrophenyl-derivatives (pNP), the results showed 
pNP-Fucoside as the most hydrolyzed substrate by crude extracts from both castes, followed by pNP-
Glucopyranoside, pNP-Manoside, pNP-Cellobioside and pNP-Galactoside. The activities against pNP-
Xylopyranose and pNP-Arabinoside were not conclusive (Fig. 5B). Moreover, our biochemical assays 
agreed with our metatranscriptome and metaproteome data described above; thus, validating our overall 
results. 
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Figure 5. Biochemical assays using worker and soldier crude extract from C. gestroi. (A) Evaluation 
of the enzymatic activities of worker and soldier’s crude extracts against natural polysaccharides at pH 
5.5 using DNS reagent. Legend: CMC = carboxymethylcellulose; B-glucan = ß-glucan. (B) Evaluation of 
the enzymatic activity of worker and soldier crude extracts against synthetic p-nitrophenyl-derived 
substrates. Legend: pNPG = 4-nitrophenyl ß-D-glucopyranoside; pNPC = 4-nitrophenyl ß-D-cellobioside;  
pNPX =  4-nitrophenyl ß-D-xylopyranoside; pNPGal = 4-nitrophenyl ß-D-galactopyranoside; pNPA = 4-
nitrophenyl α-L-arabinofuranoside; pNPM = 4-nitrophenyl ß-D-mannopyranoside; pNPF = 4-nitrophenyl-
α-L-fucopyranoside. 
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DISCUSSION 
In this study, comprehensive characterization of the CAZy and PAD enzymes structure from 
worker and soldier castes of the lower termite C. gestroi was performed using metatranscriptomic and 
metaproteomic approaches. Moreover, the metaproteomic data further supported the metatranscriptomic 
analysis and the biochemical assays. Therefore, the dataset expanded the knowledge for gene sequences 
related to carbohydrate-active enzymes from C. gestroi supporting previously information of endogenous 
and symbiotic CAZymes identified by Franco Cairo et al (2011), throughout proteomic and biochemical 
approaches.  
Metagenomics and metatranscriptomics in worker caste of lower and high termites were 
previously described targeting CAZymes discovery (Do et al., 2014; Sethi et al., 2013b; Xie et al., 2012). 
However, the CAZy and PAD enzymes repertoire of soldiers from lower termites has not yet been 
reported in literature: thus, our study provides support that soldiers can express CAZy-PAD genes and 
enzymes, mainly endogenous glycoside hydrolases.  
Our metatranscriptomic and metaproteomic results showed that worker and soldiers shared 
similar repertoires of GHs, AAs and PADs. Moreover, the majority of GH and AA families, as well as the 
PAD classes identified in this work, contained unigenes predicted with secretion signals, suggesting a 
putative role in the C. gestroi’s digestome. Another interesting result is that GH-9, is the most abundant 
glycoside hydrolase family in workers, and it is also expressed in soldier, along with other GHs. GH-1 
and GH-9 are considered the main cellulases in lower termite digestomes and present high degree of 
synergism on lignocellulose degradation (Franco Cairo et al., 2013a; Scharf et al., 2011). However, some 
GH-1 unigenes identified in our analysis could be related to caste regulation rather than lignocellulose 
degradation, for instance, the gene Neofem2 from Cryptotermes secundus (displaying homology with 
pfam PF00232) (Weil et al., 2009).  
This report also showed that genes and enzymes for classical endo-cellulases (GH-5 and GH-45), 
exo-cellulases (GH-7) and xylanases (GH-10 and GH-11) were synthesized by protists in both castes. 
Since protists degrade the lignocellulosic material in their cytoplasm (Ohkuma, 2008), the majority of the 
unigenes from these GH families were not predicted to contain secretion signals, as expected. Moreover, 
according to studies in R. flavipes, pine wood hydrolysis by GH1 and GH9 from termites is further 
enhanced by GH-7 and GH-10 from protists, whereas the efficiency of these enzymes on recalcitrant 
substrates is considered very low when compared with commercial celullases and fungi secretomes 
(Scharf et al., 2011; Sethi et al., 2013a; Watanabe and Tokuda, 2010b).  
The AA is the new class of oxidative enzymes from the CAZy database. An endogenous multi-
copper laccase, classified as AA-1.3, was identified in our metranscriptomic analyses, which shows 
similarities to an endogenous laccase from R. flavipes. This enzyme was functionally characterized and 
classified as a hydrogen peroxide-dependent enzyme and involved in lignin oxidation and modifications 
(Coy et al., 2010). Other AAs identified in this study are known as hydrogen peroxide-generating 
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enzymes, such as AA-3.2, AA-3.3, AA-5.1 and AA-5.2 (Arantes et al., 2012; Levasseur et al., 2013). 
Our data is supported by previous studies on the lower termite R. flavipes, which identified AA-1.3 and 
AA-3.3 based on transcriptomic analysis (Tartar et al., 2009) as well as in agreement with the generation 
of hydrogen peroxide in the midgut of another lower termite Coptotermes formosanus (Ke and Chen, 
2013). However, the last two termite genomes published recently did not report the presence of AAs in 
their genomes, only from gut bacteria (Poulsen et al., 2014; N Terrapon et al., 2014).  
Several previous studies reported that lignin modifications could be performed by termites. For 
example, Ke et al. (2012) reported the increase of hydroxyl content and side chain oxidation in the lignin-
rich feces of the lower termite C. formosanus. Geib et al. (2008) described significant levels of propyl 
side-chain oxidation, demethylation of the ring methoxyl group and ring hydroxylation in lignin-rich 
feces of the termite Z. angusticollis. In this study, the identification of laccases (AA-1.3) and enzymes 
belonging to the families AA-4 and AA-5, composed mainly by vanillyl-alchool and glyoxal oxidases, 
corroborate the occurrence of lignin modifications in the termite digestome. Interestingly, lignin 
peroxidases and manganese peroxidases (AA-2) were not identified in our data, as in previous studies on 
the termite digestome. 
According to our results, PAD components (in this study we considering only SOD, CAT, GST, 
AKR and p450) were identified as abundant constituents in metaproteogenomic data when compared with 
the number of reads and peptides from glycoside hydrolases GH-1 and GH-9. Tartar et al. (2009) raised 
the hypothesis that PAD enzymes from R. flavipes could play a role in either lignin degradation or the 
scavenging of free radicals and other toxic metabolites derived from lignin. Sethi et al. (2013) reported 
that these enzymes were up regulated when termites were fed on wood (complex lignocellulosic 
substrate) and filter paper impregnated with alkali lignin. According to Sethi et al (2013), AKR and CAT 
enzymes were reported to work in synergy with cellulases, such as GH-9 and GH-1 from termite, and 
GH-7 from protist. However, the supplementation of CAT in enzymatic cocktails containing AKR and 
those cellulases resulted in lower hydrolysis yields (Sethi et al., 2013b).  
Furthermore, GST enzymes from bacteria have been described to cleave ß-Aryl-Ether linkages 
from lignin (Masai et al., 2003). This class of enzyme was also described as a major constituent of the 
secretome of Enterobacter lignolyticus SCF, a bacteria with high capacity to degrade and assimilate low 
molecular weight lignin (DeAngelis et al., 2013). Recently, two superoxide dismutases from the bacteria 
Sphingobacterium sp. T2 were reported with high oxidative activity against Organosolv and Kraft lignins 
(Rashid et al., 2015a). Thus, the GST and SOD enzymes found in our analysis could also be related to 
lignin oxidation and modifications. Unigenes and peptides matches for p450 were also identified in our 
analyses, but their contributions to lignin modification and detoxification have not been described, nor is 
it expected.  
Several studies have shown that endogenous glycosidases (GH-9 and GH-1) and symbiotic 
glycosidases (GH-5, GH-7 and GH-45) have low activity against recalcitrant lignocellulose biomass 
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(Franco Cairo et al., 2011; Fujita et al., 2010; Otagiri et al., 2013). Moreover, the enzymatic 
degradation and modifications of lignin that occur in termites have not been fully elucidated (Geib et al., 
2008; Ke and Chen, 2013). Brune (2014) hypothesized that auxiliary oxido-reduction mechanisms could 
play a role in the termite digestome to degrade cellulose, hemicellulose and lignin. Although these redox 
mechanisms promoted by oxidative enzymes (e.g. Lytic Polysaccharide Mono-oxygenases, cellobiose 
dehydrogenase and glucose oxidases/dehydrogenases) and Fenton chemistry (Fe2+ + H2O2 → OH• + OH) 
have already been reported for other lignocellulolytic organisms such as bacteria and fungi (Arantes et al., 
2012; Jensen Jr. et al., 2001), they have not yet been reported in termites.  
Fenton chemistry was reported in brown-rot fungi as the main reaction to depolymerize lignin 
and cellulose. In this reaction, enzymes from families AA-3, AA-5 and AA-8 played a crucial role to 
generate hydrogen peroxide aiming to initiate the reaction in the presence of Fe2+ (Levasseur et al., 2013). 
Fenton-type reaction was previously reported by Barbehenn et al., (2005) in the midgut of the leaf–
feeding caterpillars. In termites, hydrogen peroxide generation and iron reduction capacity were already 
described in the guts of Coptotermes formosanus and Zootermopsis nevadensis, respectively (Ke and 
Chen, 2013; Vu et al., 2004).  
Thus, to aid in explaining the degradation of recalcitrant lignocellulosic biomass displayed by 
termites, the AAs and PAD enzymes described in this study indicate that redox mechanisms should be 
further investigated in this biological systems. Nevertheless, it is important to emphasize here that 
although the idea of pro-oxidant enzymes (such as AA-3, AA-5, AA8, AKR and SOD) working together 
with antioxidant enzymes (such as CAT and GST) seems contradictory, reports in literature have 
indicated the occurrence of a fine tuning between the generation and scavenging of ROS in insects 
(Barbehenn et al., 2005; Ke and Chen, 2013) and fungi (Arantes et al., 2012). 
 In conclusion, our “omics” data indicates that enzymes such as GH, PAD, CE and AA are 
highly abundant in Coptotermes gestroi and contribute to further understand the potential enzymatic 
arsenal in the degradation of lignocellulosic biomass in this biorecycling system. Our findings provide 
molecular basis to support that worker and soldier castes have similar repertoire of CAZy and PAD 
enzymes, as well as, confirmed that GH-9 and GH-1, are the most important glycoside hydrolases related 
to lignocellulose degradation in both castes. Furthermore, gene sequences and peptides from classical 
cellulases such as exo-glucanases (GH-7) and endo-glucanases (GH-5 and GH-45) as well as for classical 
xylanases (GH-10 and GH-11) were found in worker and soldier castes only taxonomically related to 
protists, highlighting the importance of the symbiosis relationships in both castes. Moreover, our analysis 
revealed the presence of Auxiliary Activity enzyme families (AAs) in both castes, which could be related 
to lignin modification and degradation in termite digestomes. 
It is important to emphasize that this study was based on the whole termite bodies and not all the 
CAZy and PAD enzymes described herein may play a role in the digestive physiology of C. gestroi. For 
instance, the peroxidases described herein could contribute to immune defense or cuticle formation, as 
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well as many of the detected enzymes in the present study should have roles other than lignocellulose 
degradation. To gain conclusive evidence about which GH, CE, PAD and AA enzymes are occurring in 
vivo (termite gut), further studies are necessary, such as in situ localization and functional characterization 
of the enzymes described in this work.  
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 Tables 1 
Table 1. CAZy and PAD enzymes identified in metatranscriptomic from worker and soldier castes of C. gestroi. 2 
Number of Worker Reads   Number of Soldier Reads 
Insect Protist Bacteria   Insect Protist Bacteria Glycoside Hydrolases Pfam Domains 
Unigene 
Counts for 
Insect 
Unigene 
Counts for 
Protists 
Unigene 
Counts for 
Bacteria 
Unigenes with 
Secretion 
Signals               
GH-1 Glyco_hydro_1 19 5   11 435 30     110 30   
GH-2 Glyco_hydro_2 4     4 39       8     
GH-3 Glyco_hydro_3     4 nd     23       12 
GH-5 Cellulase 13     1   22 18     38 14 
GH-7 Glyco_hydro_7   18   nd   125       119   
GH-8 Glyco_hydro_8     1 nd     7       9 
GH-9 Glyco_hydro_9 41     4 1941       153     
GH-10 Glyco_hydro_10   3   nd   26       19   
GH-11 Glyco_hydro_11   5   nd   24       12   
GH-13 Alpha-amylase 20     10 770      151     
GH-15 Glyco_hydro_15 7     3 23       24     
GH-16 Glyco_hydro_16 6     5 200       33     
GH-18 Glyco_hydro_18 23 3   14 333 18     232 14   
GH-20 Glyco_hydro_20 5 1   3 29 2     23 2   
GH-25 Lys 9 8   6 59 194     30 79   
GH-26 Glyco_hydro_26     2 1     5       7 
GH-29 Alpha_L_fucos 1     1 21       6     
GH-27 Melibiase 2     2 11       10     
GH-30 Glyco_hydro_30 3     1 16       12     
GH-31 Glyco_hydro_31 8 2   2 78 7     97 5   
GH-31 Alpha-amylase / Cellulase 2     nd 2       2     
GH-33 BNR 1     1 20       31     
GH-35 Glyco_hydro_35 2     nd 6       5     
GH-37 Trehalase 9     4 69       78     
GH-38 
Glyco_hydro_38 / Alpha-
mann_mid 
6     2 41       27     
GH-39 Glyco_hydro_39 1 1   1 267 2     9 2   
GH-45 Glyco_hydro_45   1   nd   5       5   
  
105 
105 
GH-47 Glyco_hydro_47 14 1   2 44 11     60 10   
GH-56 Glyco_hydro_56 1     nd 2       3     
GH-63 Glyco_hydro_63 3     nd 5       10     
GH-85 Glyco_hydro_85 1 2   1 2 9     3 4   
GH-89 NAGLU 3     1 6       7     
  TOTAL 261     80 4419 475 53   1124 339 42 
                          
Number of Workers Reads   Number of Soldier Reads 
Insect Protist Bacteria   Insect Protist Bacteria Auxiliary Activities Pfam Domains 
Unigene 
Counts for 
Insects 
Unigene 
Counts for 
Protists 
Unigene 
Counts for 
Bacteria 
Unigenes with 
Secretion 
Signals               
AA-1.3 Cu_Oxidase_2 - PF007731 14     9 105      57     
AA-2 Peroxidase - PF00141 nd     -               
AA-3.1 GMC_oxred_N - PF00732 nd     -               
AA-3.2 GMC_oxred_C - PF05199 40 3   20 323 8     390 11   
AA-3.3 GMC_oxred_C - PF05199 15     7 45       50     
AA-4 FAD-oxidase_C - PF02913 1     nd 6       6     
AA-5.1 
Glyoxal_oxid_N 
/Ald_Xan_dh_C 
  1   nd   3       3   
AA-5.2 F5_F8_type_C - PF00754 7 1   1 73 10     96 2   
AA-6 FMN_red - PF03358 2     nd 10       8     
AA-8 GMC_oxred_C - PF05199 1     1 2       2     
  TOTAL 85     38 564 21     552 5   
    
      
    
                
Number of Worker Reads   Number of Soldier Reads 
Insect Protist Bacteria   Insect Protist Bacteria Carbohydrate Esterase Pfam Domains 
Unigene 
Counts for 
Insects 
Unigene 
Counts for 
Protists 
Unigene 
Counts for 
Bacteria 
Unigenes with 
Secretion 
Signals               
CE-1 Abhydrolase_2 6 1   2 74 15     35 11   
CE-1/CE-10 Abhydrolase_2/Coesterase 2     nd 3       5     
CE-1/CE-7 Abhydrolase_2/ XE1 4     nd 3       7     
CE-10 COesterase 37     20 448       287     
CE-13 PectinaCE-tylesterase 1     1 6       1     
CE-3 PAF_aCE-tylesterase_like 1 2 1 nd 1 18 2   3 23 2 
CE-6 AXE1/Glyco_hydro_10   2   nd   19       13   
  
106 
106 
CE-7 AXE1 2   1 1 21   2   14   7 
CE-14 PIG-L 1     nd 3       2     
CE-4 Polysacc_deac_1 4     2 88       162     
  TOTAL 65     26 647 52 4   516 47 9 
                          
Number of  Worker Reads   Number of Soldier Reads 
Insect Protist Bacteria   Insect Protist Bacteria Polysaccharide Lyase Pfam Domains 
Unigene 
Counts for 
Insects 
Unigene 
Counts for 
Protists 
Unigene 
Counts for 
Bacteria 
Unigenes with 
Secretion 
Signals               
PL-11 fn3_3 2     2 475       1608     
PL-1 Pec_Lyase_C     1 nd     6       2 
  TOTAL 3     2 475   6   1608   2 
                          
Number of Worker Reads   Number of Soldier Reads 
Insect Protist Bacteria   Insect Protist Bacteria PAD Enzymes Pfam Domains 
Unigene 
Counts for 
Insects 
Unigene 
Counts for 
Protists 
Unigene 
Counts for 
Bacteria 
Unigenes with 
Secretion 
Signals               
Aldo-Keto Reductase Ald_Ket_Red 24 2   6 796 11     482 1   
Catalase Catalase 10 5   3 144 21     113 27   
Glutathione S-
Transferase 
GST_N 39 3   13 457 42     335 31   
p450 p450 244 12   72 2756 31     2889 80   
Superoxide Dismutase Sod_Cu 18 7   5 154 22     129 28   
  TOTAL 364     99 4307 127     3948 167   
                          
 3 
 4 
 Table 2. CAZy and PAD enzymes identified by LC-MS/MS from worker and soldier castes of C. gestroi. 5 
 6 
         
Normalized 
Spectrum Counts 
(Peptides) 
Glycoside 
Hydrolases 
Identified Proteins Species 
Taxonomic 
Group 
Accession Number pfam domain 
Secretion 
Signal 
Worker Soldier 
GH-1 beta-glucosidase [Coptotermes formosanus] Insect gALL_v3_rep_c96194_2 glyco_hydro_1 Yes 11 5 
GH-1 beta-glucosidase [Coptotermes formosanus] Insect gALL_v3_c53472_2 glyco_hydro_1 Yes 0 1 
GH-1 beta-glucosidase [Odontotermes formosanus] Insect gALL_v3_c8970_4 glyco_hydro_1 nd 1 1 
GH-2 
PREDICTED: similar to mannosidase, beta A, 
lysosomal 
[Acyrthosiphon pisum] Insect gALL_v3_c19245_5 glyco_hydro_2 Yes 0 1 
GH-2 beta-mannosidase precursor, putative [Pediculus humanus corporis] Insect gALL_v3_c1701_2 glyco_hydro_2 nd 2 1 
GH-3 beta-glucosidase [Zunongwangia profunda SM-A87] Bacteria gALL_v3_c14740_6 glyco_hydro_3 nd 0 1 
GH-3 
b-glucosidase, glycoside hydrolase family 3 
protein 
[Pedobacter sp. BAL39] Bacteria gALL_v3_c13414_4 glyco_hydro_3 nd 1 1 
GH-5 putative glycosyl hydrolase family5 
[uncultured symbiotic protist of Cryptocercus 
punctulatus] 
Protist gALL_v3_c25216_2 cellulase nd 2 1 
GH-5 putative glycosyl hydrolase family5 
[uncultured symbiotic protist of 
Reticulitermes speratus] 
Protist gALL_v3_c2080_6 cellulase nd 1 2 
GH-7 putative glycosyl hydrolase family7 
[uncultured symbiotic protist of Neotermes 
koshunensis] 
Protist gALL_v3_c12313_5 glyco_hydro_7 nd 0 1 
GH-7 cellulase [Pseudotrichonympha grassii] Protist gALL_v3_rep_c96913_5 glyco_hydro_7 nd 6 7 
GH-9 endo-b-1,4-glucanase [Coptotermes formosanus] Insect gALL_v3_rep_c100427_4 glyco_hydro_9 nd 9 1 
  
108 
108 
GH-9 endo-b-1,4-glucanase [Coptotermes formosanus] Insect gALL_v3_rep_c98165_4 glyco_hydro_9 nd 17 0 
GH-9 endo-b-1,4-glucanase [Coptotermes formosanus] Insect gALL_v3_rep_c96171_2 glyco_hydro_9 nd 23 0 
GH-9 endo-b-1,4-glucanase [Coptotermes formosanus] Insect gALL_v3_rep_c96486_1 glyco_hydro_9 Yes 17 0 
GH-9 endo-beta-1,4-glucanase [Coptotermes formosanus] Insect gALL_v3_rep_c96106_2 glyco_hydro_9 nd 19 12 
GH-10 putative glycosyl hydrolase family10 
[uncultured symbiotic protist of Cryptocercus 
punctulatus] 
Protist gALL_v3_c47557_6 glyco_hydro_10 nd 4 4 
GH-13 α-amylase [Blattella germanica] Insect gALL_v3_c56260_1 α-amylase Yes 2 2 
GH-13 α-amylase [Blattella germanica] Insect gALL_v3_rep_c96185_6 α-amylase Yes 2 0 
GH-13 
PREDICTED: similar to glycogen debranching 
enzyme 
[Nasonia vitripennis] Insect gALL_v3_c6469_5 α-amylase nd 2 2 
GH-16 gram negative bacteria-binding protein 2 [Reticulitermes flavipes] Insect gALL_v3_rep_c96609_5 glyco_hydro_16 Yes 1 0 
GH-26 Mannan endo-1,4-beta-mannosidase 
[Fibrobacter succinogenes subsp. 
succinogenes]  
Bacteria gALL_v3_c37810_4 glyco_hydro_26 Yes 1 0 
GH-29 
PREDICTED: similar to fucosidase, α-L- 2, 
plasma 
[Apis mellifera] Insect gALL_v3_c472_5 α_l_fucos Yes 0 1 
GH-29 
PREDICTED: similar to fucosidase, α-L- 2, 
plasma 
[Apis mellifera] Insect gALL_v3_c472_4 α_l_fucos Yes 2 5 
GH-37 Trehalase precursor, putative [Zootermopsis nevadensis] Insect gALL_v3_c11076_6 trehalase nd 1 1 
GH-38 lysosomal α-mannosidase [Culex quinquefasciatus] Insect gALL_v3_c95732_3 α-mann_mid Yes 1 0 
GH-39 Bla g 1.02 variant allergen [Blattella germanica] Insect gALL_v3_rep_c96321_4 glyco_hydro_39 Yes 1 0 
GH-45 putative glycosyl hydrolase family45 
[uncultured symbiotic protist of 
Hodotermopsis sjoestedti] 
Protist gALL_v3_c17434_3 glyco_hydro_45 nd 0 1 
     Total spectra  126 51 
  
109 
109 
Normalized 
Spectrum Counts 
(Peptides) 
Auxiliary 
Activities 
Identified Proteins Species 
Taxonomic 
Group 
Accession Number pfam domain 
Secretion 
Signal 
Worker Soldier 
AA-3 glucose dehydrogenase precursor, putative [Pediculus humanus corporis] Insect gALL_v3_rep_c97150_5 gmc_oxred_n Yes 0 4 
AA-3 PREDICTED: similar to glucose dehydrogenase [Acyrthosiphon pisum] Insect gALL_v3_rep_c97604_6 gmc_oxred_n Nd 3 12 
AA-3 PREDICTED: similar to glucose dehydrogenase [Acyrthosiphon pisum] Insect gALL_v3_rep_c99896_6 gmc_oxred_n Nd 1 1 
AA-3 PREDICTED: similar to glucose dehydrogenase [Tribolium castaneum] Insect gALL_v3_c10164_5 gmc_oxred_n Yes 0 1 
AA-5 PREDICTED: similar to aldehyde oxidase [Nasonia vitripennis] Insect gALL_v3_c4092_3 
glyoxal_oxid_n 
/ald_xan_dh_c 
Nd 10 5 
AA-5 PREDICTED: similar to aldehyde oxidase [Nasonia vitripennis] Insect gALL_v3_c2305_4 
glyoxal_oxid_n 
/ald_xan_dh_c 
Nd 0 2 
     Total spectra  14 25 
Normalized 
Spectrum Counts 
(Peptides) 
Carbohydrate 
Esterases 
Identified Proteins Species 
Taxonomic 
Group 
Accession Number pfam domain 
Secretion 
Signal 
Worker Soldier 
CE-1 juvenile hormone esterase-like protein Est1 [Reticulitermes flavipes] Insect gALL_v3_c20639_4 abhydrolase_2 nd 0 2 
CE-4 predicted xylanase/chitin deacetylase [Reticulitermes speratus] Insect gALL_v3_c26010_1 polysacc_deac_1 nd 1 0 
CE-10 carboxylesterase clade E, member 11 [Nasonia vitripennis] Insect gALL_v3_rep_c97115_5 coesterase Yes 8 3 
CE-10 juvenile hormone esterase [Apis mellifera] Insect gALL_v3_rep_c96274_1 coesterase Yes 7 4 
CE-10 juvenile hormone esterase-like protein Est1 [Reticulitermes flavipes] Insect gALL_v3_c350_2 coesterase nd 2 0 
CE-10 juvenile hormone esterase-like protein Est1 [Reticulitermes flavipes] Insect gALL_v3_c2097_4 coesterase nd 1 0 
CE-10 
PREDICTED: similar to juvenile hormone 
esterase 
[Acyrthosiphon pisum] Insect gALL_v3_c14436_2 coesterase Yes 1 1 
  
110 
110 
CE-10 
PREDICTED: similar to juvenile hormone 
esterase 
[Acyrthosiphon pisum] Insect gALL_v3_c13039_2 coesterase nd 0 1 
CE-10 
PREDICTED: similar to juvenile hormone 
esterase 
[Nasonia vitripennis] Insect gALL_v3_c9362_2 coesterase Yes 2 0 
CE-10 
PREDICTED: similar to juvenile hormone 
esterase 
[Tribolium castaneum] Insect gALL_v3_c26448_5 coesterase nd 2 2 
CE-10 
PREDICTED: similar to juvenile hormone 
esterase 
[Tribolium castaneum] Insect gALL_v3_c5472_5 coesterase nd 1 0 
CE-10 PREDICTED: similar to putative esterase [Tribolium castaneum] Insect gALL_v3_c21767_2 coesterase Yes 1 1 
     Total spectra  26 14 
Normalized 
Spectrum Counts 
(Peptides) 
PAD Enzymes Identified Proteins Species 
Taxonomic 
Group 
Accession Number pfam domain 
Secretion 
Signal 
Worker Soldier 
AKR aldose reductase, putative [Pediculus humanus corporis] Insect gALL_v3_rep_c98481_5 aldo_ket_red nd 1 0 
AKR aldo-keto reductase [Aedes aegypti] Insect gALL_v3_rep_c96584_4 aldo_ket_red nd 3 2 
AKR 
PREDICTED: similar to aldo-keto reductase 
isoform 1 
[Tribolium castaneum] Insect gALL_v3_rep_c96328_4 aldo_ket_red Yes 8 6 
AKR 
PREDICTED: similar to aldo-keto reductase 
isoform 1 
[Tribolium castaneum] Insect gALL_v3_rep_c97134_3 aldo_ket_red nd 5 0 
AKR 
PREDICTED: similar to aldo-keto reductase 
isoform 1 
[Tribolium castaneum] Insect gALL_v3_c15066_3 aldo_ket_red nd 3 0 
CAT catalase [Stylochus sp. KJP-2004] Platyhelminthes gALL_v3_c48664_4 catalase nd 0 1 
CAT Catalase, putative [Pediculus humanus corporis] Insect gALL_v3_rep_c96312_6 catalase nd 12 13 
GST glutathione S-transferase [Blattella germanica] Insect gALL_v3_rep_c96283_4 gst_n nd 18 5 
GST glutathione S-transferase [Blattella germanica] Insect gALL_v3_rep_c96354_6 gst_n nd 10 7 
  
111 
111 
GST glutathione S-transferase [Blattella germanica] Insect gALL_v3_c6961_2 gst_n nd 3 6 
GST glutathione S-transferase O1 [Nasonia vitripennis] Insect gALL_v3_rep_c96308_6 gst_n nd 5 3 
GST glutathione S-transferase O1 [Nasonia vitripennis] Insect gALL_v3_c2087_5 gst_n nd 1 1 
GST glutathione S-transferase O1 [Nasonia vitripennis] Insect gALL_v3_c37119_2 gst_n nd 2 0 
GST glutathione S-transferase T3 [Nasonia vitripennis] Insect gALL_v3_c4709_3 gst_n Yes 4 2 
GST RecName: Full=Glutathione S-transferase; [Blattella germanica] Insect gALL_v3_c57001_4 gst_n nd 0 5 
p450 cytochrome P-450, putative [Pediculus humanus corporis] Insect gALL_v3_c2488_6 p450 nd 1 0 
p450 cytochrome P450 [Hodotermopsis sjoestedti] Insect gALL_v3_rep_c96479_3 p450 nd 1 1 
p450 cytochrome P450 [Hodotermopsis sjoestedti] Insect gALL_v3_c46657_4 p450 nd 1 0 
p450 cytochrome P450 [Hodotermopsis sjoestedti] Insect gALL_v3_c11806_5 p450 nd 1 0 
p450 cytochrome p450 [Hodotermopsis sjoestedti] Insect gALL_v3_rep_c96280_1 p450 nd 1 0 
p450 NADPH--cytochrome P450, putative [Pediculus humanus corporis] Insect gALL_v3_c17236_6 p450 nd 1 0 
p450 p450 [Reticulitermes flavipes] Insect gALL_v3_rep_c104501_6 p450 Yes 1 0 
SOD superoxide dismutase [Triatoma infestans] Insect gALL_v3_rep_c96668_1 sod_cu nd 9 8 
SOD superoxide dismutase 1 [Tritrichomonas foetus] Insect gALL_v3_c59228_1 sod_cu nd 0 1 
SOD Mn superoxide dismutase [Bombyx mori] Insect gALL_v3_rep_c97252_3 sod_cu nd 3 0 
SOD extracellular superoxide dismutase precursor [Pacifastacus leniusculus] Crustacea gALL_v3_c25166_5 sod_cu Yes 1 1 
SOD Cu/Zn superoxide dismutase [Rachycentron canadum] Actinopterygii gALL_v3_c6342_6 sod_cu Yes 1 2 
     Total spectra  96 64 
 7 
  
3. ARTIGO 3 - SUPEROXIDE DISMUTASE FROM TERMITE 
COPTOTERMES GESTROI DISPLAYS SYNERGISM WITH 
CARBOHYDRATE-ACTIVE ENZYMES FOR LIGNOCELLULOSE 
BREAKDOWN 
 
Em preparação para submissão. 
 
Prefácio: No presente artigo, uma análise bioquímica e biológica de uma enzima relacionada 
a processos de Pró-oxidação, Antioxidação e Desintoxicação (PAD) foi realizada. Como 
sugerido pelo artigo 2 dessa tese, uma enzima PAD, no caso uma superóxido dismutase 
(CgSOD-1) mostrou um papel no digestoma de C. gestroi. Essa enzima foi capaz de atuar em 
sinergia com uma celulase endógena (CgEG-1) do próprio cupim, na hidrólise de 
polissacarídeos. Mais que isso, ambas as enzimas fora localizadas no mesmo trecho do 
intestino de C. gestroi, sugerindo um papel no digestoma de C. gestroi. Os dados deste 
trabalho ainda sugere que CgSOD-1 é capaz de clivar polissacrídeos através de geração de 
espécies reativas de oxigênio. Além disso, essa SOD apresentou uma potencial aplicação 
biotecnológica, como enzima suplementar de coquetéis lignocelulolíticos. A minha 
contribuição no artigo se deu principalmente na montagem do experimento de alimentação da 
casta operária, análise de transcriptômica (montagens de bibliotecase e interpretação de dados 
de RNASeq), clonagem, expressão heteróloga e caracterização bioquímica e biológica de 
CgSOD-1, além da escrita do manuscrito.  
 
Título: Uma superóxido dismutase do cupim Coptotermes gestroi exibe sinergia com 
enzimas ativas em carboidratos para degradação de lignoceluloes 
 
Resumo: 
Recentemente, sequenciamento de DNA e RNA, bem como análises de proteômica foram 
realizadas em digestomas de cupins, expandindo o conhecimento sobre enzimas 
lignocelulolíticas (CAZymes) nesses organismos. Estes trabalhos sugeriram um papel 
importante de enzimas auxiliares óxido-redutoras para a depolimerização da lignocelulose. 
Entre essas enzimas destacam-se àquelas relacionadas a processos de Pró-oxidação, 
Antioxidação e Desintoxicação (PAD), as quais podem desempenhar um papel tanto na 
degradação da celulose e lignina e também na eliminação de radicais livres e outras 
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metabólitos tóxicos derivados da lignina. Neste contexto, o papel das superóxido dismutases 
(SOD) na degradação de lignoceluloses foi investigado no digestoma do cupim C. gestroi. 
Inicialmente, uma análise de transcriptômica realizado na casta operária de C. gestroi 
submetida a uma dieta com bagaços de cana-de-açúcar em diferente níveis de recalcitrancia, 
revelou que genes que codificam SOD foram abundantes e diferencialmente expressos 
quando esses insetos foram alimentados com o bagaço mais complexo e recalcitrante. O gene 
CGSOD-1 com maior expressão, foi alvo de clonagem e expressão heteróloga, seguida por 
uma caracterização bioquímica e biológica. A enzima CgSOD-1 revelou-se eficiente na 
dismutação de radicais superóxido. Além disso, CgSOD-1 foi capaz de agir em sinergia com 
uma endo-β-1,4-glicosidase endógena de C. gestroi (CgEG-1) na hidrólise de β-glucano. A 
imunolocalização de CgSOD-1 e CgEG-1 no intestino de C. gestroi sugeriram que ambas as 
enzimas atuam em sinergia para hidrolisar lignoceluloses nesse digestoma. Análises 
bioquímicas também mostraram que CgSOD-1 é capaz de liberar, de β-glucano, 
oligossacarídeos na forma nativa e oxidado, através da geração de espécies reativas de 
oxigênio. Visando a aplicação desta enzima em biorrefinarias, CgSOD-1 foi utilizada para a 
suplementação de coquetéis celulolíticos comerciais e de secretoma de fungos, resultando no 
aumento de sacarificação do bagaço de cana pré-tratado. Em conjunto, esses resultados 
indicam que CgSOD-1 possui sinergia com celulases clássicas, abrindo a oportunidade para 
uma exploração mais ampla sobre o papel de enzimas PAD na sacarificação de lignocelulose 
em vários outros organismos lignocelulolíticos. 
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ABSTRACT 
Recently, analyses on termite’s digestomes were performed, expanding the knowledge 
of lignocellulolytic enzymes (CAZymes). These reports have suggested an important role for 
auxiliary redox enzymes for lignocellulose breakdown, such as Pro-oxidant, Antioxidant and 
Detoxification enzymes (PADs), which could play a role in both cellulose and lignin 
degradation and also in the scavenging of free radicals and other toxic metabolites derived 
from lignin. In this context, the role of a superoxide dismutase (CgSOD-1) from C. gestroi, 
was investigated in the degradation of lignocelluloses. Initially, transcriptome analysis 
performed in worker caste of C. gestroi revealed that endogenous SOD genes were abundant 
when they were fed on high complex lignocellulose. The highest expressed SOD gene, 
CGSOD-1, was targeted for heterologous expression and biochemical characterization. The 
enzyme CgSOD-1 revealed to be efficient in scavenging superoxide radical. Also, CgSOD-1 
was able to act in synergy with the endo-β-1,4-glucosidase from C. gestroi, for β-glucan 
hydrolysis. The immunolocalizations of CgSOD-1 and CgEG-1 in the midgut and foregut of 
C. gestroi supported the evidence that both enzymes act in synergy to hydrolyze 
lignocelluloses. Biochemical analyses reported that CgSOD-1 released native and oxidize 
oligosaccharides from β-glucan, throughout the generation of reactive oxygen species. 
Targeting the application of this enzyme on biorefineries, CgSOD-1 was used for 
supplementation of commercial and in-house fungal cellulolytic cocktails, resulting in the 
increase of saccharification of pretreated sugarcane bagasse. Collectively, these results 
indicated the potential synergy of SOD with classical cellulases, opening the opportunity for a 
wider exploration of PAD enzymes roles in lignocelluloses saccharification.  
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Significance Statement  
 
 Termites are among the major decomposers of lignocellulose on Earth. The literature 
hypothesized the occurrence of redox mechanisms in termite gut in conjunction with 
cellulases to achieve efficient lignocellulose conversion. In this paper, the redox enzyme 
superoxide dismutase (CgSOD-1) from C. gestroi was characterized regarding its biochemical 
properties and potential involvement in lignocelluloses degradation. We collected evidences, 
throughout in-vivo and in-vitro studies, that CgSOD-1 was involved in carbohydrate 
metabolism in this insect, introducing a new role for enzymes involved in oxide-reduction 
reactions in lignocellulolytic organisms. 
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INTRODUCTION 
Termites are among the most efficient decomposers of lignocelluloses in nature as 
they are able to degrade up to 90% of the lignocellulosic biomass ingested (1). As eusocial 
insects, termites live in colonies divided in a strict hierarchic cast structure, and the high 
efficiency is achieved due to the physiology of the worker caste, which over the evolutionary 
history of the group became specialized in degradation of lignocellulosic materials aiming to 
feed the colony (2). 
 In general, termites consume plant biomass and expose them to a repertoire of 
endogenous and symbiotic carbohydrate-active enzymes (CAZymes). This set of genes, 
enzymes, and co-factors produced by termites and their gut symbionts directed to degradation 
of lignocellulosic biomass is named as digestome (3). During the last decade, several studies 
focusing on termite digestome have described the involvement of a set of CAZymes, 
however, the efficiency of these enzymes to overcome the recalcitrance of lignocellulosic 
materials has not been fully described (4). Previous reports found evidence of how several 
classes of enzymes envolved in Pro-oxidation, Antioxidation and Detoxification process 
(PAD) could be related to the termite digestome (5). Among these PAD enzymes are: 
superoxide dismutases (SOD), p450s, alcohol dehydrogenases (ADH), glutathione s-
transferases (GST), catalases (CAT) and aldo-keto reductases (AKR).  
 Coptotermes gestroi is a lower termite, belonging to the Rhinotermitidae family, 
introduced in Brazil in the early years of the past century. C. gestroi harbors protists and 
bacteria in its hindgut (6) and it is capable of producing several carbohydrate active enzymes 
and several classes of PAD enzymes such as superoxide dismutases (Franco Cairo et al., 
submitted). 
 The SOD enzymes, ubiquitous to all organisms, catalyze the dismutation of 
superoxide anion radical (O2•−) into oxygen and hydrogen peroxide (7), as follows the 
equations 1 and 2.  
Cu2+-SOD+O2•−→Cu+-SOD+O2                                                                         (1) 
Cu+-SOD+O2•−+2H+→Cu2+-SOD+H2O2                                                             (2) 
Four different types of metal centers have been detected in SODs, dividing this family 
into Cu/Zn, Ni, Mn, and Fe SODs. Cu/Zn SOD is generally homodimeric and is present in a 
variety of cells and tissues in different organisms (8). SOD has attracted research interest due 
to its specific extraordinary biochemical properties. First, the electron transfer mechanism 
between the substrate and the enzyme active site is considered to have reached perfection, and 
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the catalytic rate is only diffusion-limited (9). Second, there are examples of SODs that 
display unusual stability under denaturating conditions, freeze–thaw cycles, high 
temperatures, and prolonged refrigeration (7).  
Recently, a manganese superoxide dismutase from Sphingobacterium sp. T2 was 
described as a lignin oxidative enzyme, however, the molecular mechanism behind it remains 
unknown (10). Moreover, SOD was described as hydroxyl radical generating-enzyme at high 
concentrations of hydrogen peroxide (11, 12). This hydroxyl radical is the main reactive 
oxygen species generated in Fenton chemistry, which is applied by brown-rot fungi to 
depolymerize lignocellulosic biomass (13). 
The dramatic synergism shown by adding redox enzymes, classified as auxiliary 
activity into CAZy database, to hydrolytic cocktail in lignocellulose depolymerization 
dragged the attention in the scientific community (14, 15). Particularly the role of the lytic 
polysaccharide mono-oxygenases, a copper-containing redox enzyme, which catalyze the 
oxidative cleavage of various polysaccharides, prompted for a radical change in the classic 
view of lignocellulose degradation. The interplay between the redox and hydrolytic enzymes 
despite its paramount importance (16) in lignocellulose depolymerization, it is still far to be 
elucidated, and still based on few redox enzymes like i.e. LPMOs and laccase.  
In this paper, samples of sugar cane bagasse subject to various pretreatment were used 
to feed workers of C. gestroi, and a transcriptomic analysis was performed in the 21st day of 
feeding. Analyses on expression of SOD genes indicated their differential expression among 
the different conditions. Next, one of these genes, named CGSOD-1, coding for CgSOD-1 
(Cu/Zn-SOD) was targeted for cloning and heterologous expression, followed by functional 
and biophysical characterization. Moreover, investigations regarding the possible role of 
SODs in the carbohydrate metabolizing of termites were also conducted. Finally, the potential 
of CgSOD-1 as a supplement in commercial cellulase cocktails was evaluated regarding their 
potential aid in saccharification step.  
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RESULTS 
Identification and differential expression analysis of superoxide dismutases in C. 
gestroi 
   The transcriptome analysis of C. gestroi workers fed on three different sugarcane 
bagasses was performed: raw sugarcane bagasse (Raw SCB - 45.6% cellulose, 26.6% 
hemicellulose, and 22.2% lignin), pretreated phosphoric acid sugarcane bagasse (PASCB - 
61.65% cellulose, 2.79% hemicellulose, and 32.96%) and pretreated Sodium Chloride/HCl 
delignified sugarcane bagasse (DELSCB - 55% cellulose, 30.7% hemicellulose, and 9.4 % 
lignin). Since raw SCB was not submitted to any pretreatment step, it constitutes a material 
with higher recalcitrance in comparison to PASC and DELSCB. PASCB has a low content of 
hemicelluloses and partially modified lignin in relation to Raw SCB while DELSCB has a 
low content of lignin and partially modified hemicelluloses.  
 Through this experiment, it was possible to monitor the differential expression of 
endogenous SOD genes from C. gestroi. The genome of C. gestroi revealed the occurrence of 
9 genes encoding superoxide dismutases (Franco Cairo et al., unpublished). The expression of 
SOD genes was, in general, more abundant (in normalized FPKM numbers) when C. gestroi 
was fed on raw sugarcane bagasse (Fig. 1), in comparison to the others two types of feeding 
condition, suggesting a role of these genes in termite digestomes. 
 
 
Figure 1. Heat-map from the differential expression of superoxide dismutase genes in wokers of C. gestroi 
fed on different sugarcane bagasses. Nine SOD genes were identified previously in the genome of C. gestroi. 
The number of normalized RPKMs is represented by the average of RPKMs among the replicates, for each 
feeding condition. Raw sugarcane bagasse (Raw SCB), pretreated Sodium Chloride/HCl delignified sugarcane 
bagasse (DELSCB) and pretreated phosphoric acid sugarcane bagasse (PASCB). 
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 The fold change analysis comparing Raw SCB X PASCB and Raw SCB X DELSCB 
evidenced that the genes CGSOD-1, CGSOD-2, CGSOD-8 and CGSOD-9 had almost the 
double of expression in raw SCB than in PASCB and DELSCB diets (< -0.5 LogFoldChange 
and p-value < 0.05) (Table S1). Moreover, these genes had the higher number of FPKMs in 
SCB condition than in the others diets as well as secretion signal. As an expression control, 
general analysis of seven constitutive genes coding for Actin (Pfam00022) did not reveal any 
significant differences in the LogFoldChange among the diets (Table S1).  
 Taking all these results together, we suggested that the expression of SOD genes was 
modulated by the termite diet. Aiming to get further evidence about the role of superoxide 
dismutase in the digestome of C. gestroi, the CGSOD-1 gene was chosen by its expression 
profile, and its encoded protein CgSOD-1 was functionally, biochemically and biophysically 
characterized. 
 
 
 
  
Table S1. Differential expression analysis of SOD and Actin genes from C. gestroi submitted to different diets. 
SCB X PASCB SCB X DELSCB 
Contigs SOD Genes Taxonomic Origin Conserved Domain 
Average 
RPKM in 
SCB 
Average 
RPKM in 
PASCB 
Average 
RPKM in 
DELSCB EDGER
_log2FC 
EDGER
_FDR 
EDGER
_log2FC 
EDGER
_FDR 
Wolf-Psort 
Localization 
scaffold57797.2 CGSOD-1 Insect Sod_Cu - Pfam00080 347,3023443 113,6762112 169,3395219 -0,903 0,001 -0,959 4,8E-06 extr: 31 
scaffold142449.1 CGSOD-2 Insect Sod_Cu - Pfam00080 41,77051035 12,56752546 32,06547703 -1,132 0,019 -0,336 0,565 n.d. 
scaffold22018.1 CGSOD-3 Insect Sod_Cu - Pfam00080 135,7024015 82,53729123 103,6537919 -0,363 0,511 -0,485 0,013 plas: 11 
scaffold22547.2 CGSOD-4 Insect Sod_Cu - Pfam00080 49,27772269 21,59915605 43,02186971 -0,102 1 0,185 0,970 n.d. 
scaffold22547.1 CGSOD-5 Insect Sod_Cu - Pfam00080 38,38223082 21,58830787 38,83494731 -0,240 1 -0,042 1 extr: 26 
scaffold3342.3 CGSOD-6 Insect Sod_Cu - Pfam00080 39,39719359 29,33292823 43,5445747 -0,235 0,993 -0,117 0,973 extr: 30 
scaffold41699.1 CGSOD-7 Insect Sod_Cu - Pfam00080 64,25956792 34,67849027 37,24410476 -0,188 1 -0,634 0,0002 extr: 26 
scaffold43589.2 CGSOD-8 Insect Sod_Cu - Pfam00080 127,0779522 41,07882857 60,42560936 -1,002 0,03 -0,959 0,001 extr: 31 
scaffold8229.1 CGSOD-9 Insect Sod_Cu - Pfam00080 180,1483969 42,66118812 69,46324856 -0,925 0,004 -0,985 4,5E-06 n.d. 
scaffold138433.1 CGACTN-1 Insect Actin - Pfam00022 8034,995174 4681,962873 3451,43768 -0,473 0,296 -0,557 0,006 n.d. 
scaffold143434.1 CGACTN-2 Insect Actin - Pfam00023 91,44629615 60,25950094 38,69309903 -0,031 1 -0,121 0,891 n.d. 
scaffold14599.2 CGACTN-3 Insect Actin - Pfam00024 46,62187077 22,94222683 21,15673499 -0,427 0,960 -0,500 0,352 n.d. 
scaffold21218.1 CGACTN-4 Insect Actin - Pfam00025 46,90064933 28,55806684 21,55153662 -0,252 0,935 -0,377 0,105 n.d. 
scaffold35907.2 CGACTN-5 Insect Actin - Pfam00026 490,7933926 774,6434043 469,561081 0,549 0,060 0,738 2,11E-05 extr: 29 
scaffold53589.1 CGACTN-6 Insect Actin - Pfam00027 10611,53905 7103,940311 5055,986719 -0,174 1 -0,122 1 n.d. 
scaffold91206.1 CGACTN-7 Insect Actin - Pfam00028 18,60799169 16,02380787 6,741608597 -0,335 1 0,233 1 n.d. 
 
 
 
  
 
Biochemical and biophysical characterizations of CgSOD-1 
 The gene CGSOD-1 (GenBank accession no. KP642166) from C. gestroi was 
successfully amplified using cDNA from worker caste and cloned into pET28a vector for 
expression. The open read frame of CGSOD-1 consisted of 465 bp, encoding a mature protein 
with 154 amino acid residues with predicted molecular weight of 17.9 kDa and isoelectric 
point (pI) of 6.11. The signal peptide was not predicted, however, analysis of SecretomeP 
showed a NN-score of 0.606, indicating a high score regarding the secretion signal prediction.  
 After IPTG induction, the recombinant proteins were effectively expressed in E. coli 
using the Arctic Express system (Agilent). The protein purification steps included 
immobilized metal affinity (IMAC) and size-exclusion chromatographies (Fig. S1A). After 
two purification steps, CgSOD-1 yielded approximately 8 mg of purified enzyme per mL. The 
purified CgSOD-1 presented a single band near 20 kDa in the SDS-PAGE analysis. In order 
to confirm its identity, the purified protein band was trypsin digested and the peptides 
analyzed by LC-MS/MS (Fig. S1B) confirmed the expression of the recombinant SOD from 
C. gestroi with FDR (false discovery rate) of 1.35%. 
 
 
Figure S1. Analysis of CgSOD-1 heterologous expression in Arctic Cell expression system. The enzyme was 
expressed at 12 ºC, 120 rpm during 24 hours and purified throughout IMAC and Gel Filtration chromatography. 
(A) SDS-PAGE analysis of CgSOD-1 - lane 1: lysate; lanes 2- 4: IMAC fractions; lane 5: Gel filtration fraction 
of CgSOD-1 - 22 kDa. (B) List of peptides identified using LC-MS/MS derived of the band gel from lane 5. (C) 
Aminoacid sequence of CgSOD-1; In red are the peptides identified in LC-MS/MS. 
 
A) B) 
M 1 2 3 4 5 
>CgSOD1 
MPIKAVCVLNGEVVKGTLFFDQENPDSAVKVTGEVTGLSKGLHGFHIHEFGDNTNGCTSAG
AHFNPYQKDHGGPDDEVRHVGDLGNIEADSSGVAKVDIADKLISLGAHNIIGRTLVVHADPD
DLGKGGHELSKTTGNAGARSACGVVGIAKI*  
C) 
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Aiming to confirm the superoxide dismutase activity of CgSOD-1, the method based 
on the inhibition of pyrogallol auto-oxidation was applied. The recombinant CgSOD-1 
presented an IC50 of 1.17 µg (Fig. S2A) and was active from pH 4.0 to 11.0, with the 
optimum activity at pH 5.0 (Fig. S2B). The assay performed at different temperatures 
demonstrated that CgSOD-1 inhibited the pyrogallol autoxidation in more than 80% from 30 
to 65°C, showing the highest activity at 35°C (97% of inhibition of pyrogallol autoxidation) 
(Fig. S2C and S2D). Far-UV circular dichroism (CD) spectrum of SOD at 20 ºC showed a 
negative band at approximately 208 nm, which is characteristic of the β-sheet/random coil 
spectrum (Fig. S3) as observed for other eukaryotic SODs (17). Deconvolution of CD data 
showed that the secondary structure is formed by 8 % α-helix, 47 % β-sheet and 44 % random 
coil (at 20°C). 
 
 
 
 
Figure S2. Biochemical Characterization of CgSOD-1. Inhibition percentage of pyrogallol autoxidation at 
different CgSOD-1 concentrations (A); at different pH (B) and at different temperatures (C). Activity of CgSOD-
1 in different temperatures (15°C to 85°C) by riboflavin-nitroblue tetrazolium assay (D). White halos correspond 
to positive activity. Analyses were done in triplicate. 
 
 CgSOD-1 thermal stability was assessed by monitoring the effect of temperature over 
the range 20 - 100°C on protein secondary structure measured by the changes in the far-UV 
CD spectrum. The deconvoluted data at different range of temperature showed a minor loss of 
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β-sheet structure and increase of random coil (Table S2). The negative band showed a 
hypsochromic shift (from 208 nm to 200 nm) (18) among 60 ºC and 100 ºC. 
 
 
Figure S3. Far-UV CD spectra of recombinant CgSOD-1 and thermal denaturation from 
20 to 100°C. The experiment was carried out with 0.5 mg/mL of CgSOD-1 in sodium 
phosphate buffer. 
 
Table S2. Deconvoluted data from CD spectrum of CgSOD-1 at different temperatures.  
Temperature ºC Alpha helix Beta sheet Random coil Least squares distance Maximum error 
20 0.08 0.47 0.44 505.5 >0.22 
30 0.08 0.47 0.44 511.4 >0.22 
40 0.08 0.47 0.44 505.8 >0.22 
50 0.08 0.48 0.44 469.4 >0.22 
60 0.08 0.46 0.46 417.3 >0.22 
70 0.08 0.45 0.47 395.2 >0.22 
80 0.08 0.44 0.48 289.7 >0.22 
90 0.08 0.44 0.48 277.1 >0.22 
100 0.08 0.44 0.48 262.5 >0.22 
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 The computational modeling of the three-dimensional structure of CgSOD-1 using 
SWISSMODEL was performed using as the template the crystal structure of superoxide 
dismutase (BmSOD1- PDB id: 3L9Y.1, with 76% identity) from the silkworm Bombyx mori. 
The model was generated with high confidence based on the QMEAN4 score of 0.890 (Fig 
2A). Based on the CgSOD-1 model, the secondary structure was primarily formed by β-sheets 
and a homodimer represents the quaternary structure. A copper ion in the catalytic pocket was 
also predicted (Fig. 2A). 
 
 
Figure 2. Molecular modeling and SAXS analysis of CgSOD-1. (A) Cartoon, surface, and homodimer 
representations of CgSOD-1. The sphere in brown represents the copper íon in the catalytic pocket. (B) 
Superposition 'ab initio' model DAM and crystal structure PDB ID 3L9Y. The center model and the model on 
the right are rotated 90° to the x-axis and rotated 90° and y-axis, respectively. 
 
 
The Small Angle X-ray Scattering - SAXS curves of CgSOD-1 at different 
concentrations are similar, thus, the subsequent analyses were performed using SAXS data 
collected from samples at 5 mg/mL. In solution, CgSOD-1 showed high flexibility, after 
Porod and kratky analyses (Fig. S4A and S4B) (19). The Porod constant was determined with 
the value of 3.1744-5 and was subtracted from the data for subsequent analyses. 
A) 
B) 
Figure	2	
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Applying the Guinier approximation (20) in the scattering curve (qRg <1.3), the 
obtained  radius of gyration of CgSOD-1 was equal to 21.1 Å (Fig. S3C). These values are in 
agreement with those obtained by the Gnom (21) 21.30 ± 0.03 Å. The distance distribution 
function p(r) of CgSOD-1 slightly displaced to the left and fits well with PDB ID 3L9Y, with 
Dmax = 65 Å (Fig. S3D). Using SAXSMoW server (22) it was possible to estimate the 
molecular mass of CgSOD-1 as being 31.1 kDa. These values indicate the predominance of 
dimers in solution and the relative error of 1.6% in comparison with the theoretical primary 
sequence of 15.8 kDa. 
 
 
Figure S4. Other parameters of SAXS analysis of CgSOD-1. SAXS curve of CgSOD-1 (A) Porod and (B) 
Kratky plot. Data before (red circles) and after (black circles) the procedure of subtracting the Porod constant. 
(C) Experimental SAXS curve of CgSOD-1 and fitting procedure with simulated curves. Experimental to 5 
mg.mL-1 (open circles), PDB ID 3L9Y (red line), model 'ab initio' dammin (black line) data. Insert containing 
Guinier analysis. (D) Normalized p(r)s.  
 
The ‘ab initio’ model was built with Dammin package (Fig. 2B) (23). To check the 
uniqueness of the model, independent simulations with different initial parameters and 
without imposing symmetry were held, reaching consistent results for CgSOD-1 (Fig. 2B). 
SAXS model resolution is given by resolution ‘ab initio’ model, and in this case, the 
A) B) 
C) D) 
Figure	S4	
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resolution is equal to 18.52 Å. Three-dimensional dummy atom model (DAM) of the CgSOD-
1 was determined from the SAXS curves (Fig. 2B). Dammin also calculated and subtracted 
the Porod constant resulting in a calculated value of 3.275e-5. The experimental scattering 
curve overlaps on the simulated curve of the dummy atoms model well in a befitting manner. 
The curve of simulated scattering coordinates of the model dummy atom and the high 
resolution was also calculated (24) (Table 1). 
 
Table 2. Structural parameters of CgSOD-1 obtained by SAXS. 
 
 
 
 
 
 
 
 
 
 
 
The role of CgSOD-1 in the digestome of C. gestroi 
 To investigate the role of CgSOD-1 in the digestome of C. gestroi, different 
approaches were combined such as synergy assays, in-vivo detection of hydrogen peroxide 
production and immunolocalization of CgSOD-1 in the gut tissues of C. gestroi. The synergy 
assays were performed using the endoglucanase CgEG-1 and CgSOD-1 with β-glucan from 
barley as substrate. The addition of CgSOD-1 to CgEG-1 increased β-glucan hydrolysis yield 
varing from 70 to 100 %, in comparison to the hydrolysis with CgEG-1 alone (Fig. 3). Also, it 
was observed that the quantity of CgSOD-1 affects the synergistic activity, since the higher 
the quantity of CgSOD-1, the higher was the degree of synergy (DS). For the polysaccharide 
β-glucan hydrolysis, these results are the first reported in the literature. It is noteworthy that, 
the addition of denatured CgSOD-1 with CgEG-1 did not show any increase in the hydrolysis 
when comparing with CgEG-1 alone, suggesting that CgSOD-1 has a role in the 
polysaccharides hydrolysis. 
  
Parameters 5 mg Modelo ‘ab initio’ Dammin Crysol 
Rg(Å) 
21.1(Guinier) 
21.30(Gnom) 
- 20.09 
Dmax(Å) 65 - 70.88 
MW SaxsmoW (kDa) 31.1 - - 
Resolution(Å) 18.52 18.52 - 
χ - 1.387 2.480 
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Figure 3. Degree of synergism between CgEG-1 and CgSOD-1. 0.5% of β-glucan was used as substrate in 50 
mmol phosphate buffer pH 6.0. The reaction was conducted at 30°C for 30 min. A total of 300 ng of CgEG-1 
was used in all essays, while different amounts of CgSOD-1 were tested (50, 300 and 500 ng). Denatured 
CgSOD-1 was used as negative control. CgSOD-1 and CgEG-1 degree of synergism (DS) was calculated as: 
µmol of equivalent glucose of CgEG1 CgSOD-1 at different amounts / (µmol of equivalent glucose of CgEG-1 
+ µmol of equivalent glucose of CgSOD-1). 
 
 The main reaction product of SOD is hydrogen peroxide, and to provide 
further evidence of this ROS production in-vivo, we performed fluorescence 
microscopy to map H2O2 in C. gestroi guts using Amplex Red probe. As shown in 
Figures 4B and 4C, there was a strong signal in the C. gestroi thorax, suggesting the 
formation of hydrogen peroxide inside of C. gestroi gut. This hypothesis was further 
confirmed after gut dissection and labeling with Amplex Red probe. According to 
Figure 4E, it was observed a strong fluorescence signal in the fore and midgut, 
suggesting the formation of hydrogen peroxide in these segments. According to 
figure 4E, there was not visible fluorescence detection in the hindgut.  
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Figure 4. In vivo localization of hydrogen peroxide generation and immunolocalization of CgEG-1 and 
CgSOD-1 in C. gestroi gut tissue. Workers of C. gestroi were incubated with Amplex Red/HPR work solution 
and then, they were observed under fluorescence microscope: A - Control before incubation; B - ventral and C - 
lateral views after Amplex Red/HPR incubation. A strong fluorescence signal in the midgut was evidenced. The 
dissected gut tissues of C. gestroi workers were also incubated with Amplex Red/HPR work solution. D - control 
(I- foregut, II - midgut, III - hindgut and IV - anus); E - Gut tissue after incubation with Amplex Red. A strong 
fluorescence signal in the midgut was evidenced. Low fluorescence signal was also verified at the beginning of 
hindgut and anus region (see the arrows). Gut tissues were incubated with primary anti-CgEG-1 (F) or anti-
CgSOD-1 (G) antibodies and fluorescent secondary antibody (AlexaFluoor 568 fluorophores). The slides were 
Figure	4	
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mounted using ProLong™ Antifade Reagents for Fixed Cells. After, the slides were observed on a Leica DMI 
6000 microscope. The images were recorded using fluorescence with rodhopsin filter (red).  
 
 The immunolocalizations of CgSOD-1 and CgEG-1 were investigated in C. gestroi 
gut using the interaction of anti-CgSOD-1 as well as anti-CgEG-1 antibodies with the native 
CgSOD-1 and CgEG-1. The gut tissues incubated with anti-CgEG-1 and secondary antibody 
showed strong signal under the fluorescence microscope for CgEG-1 (Figure 4F), which was 
mainly located at the foregut and midgut. For CgSOD-1, the gut tissues incubated with anti-
CgSOD-1 and secondary antibody showed strong signal in the midgut as well as in foregut, 
mainly in the pro-ventricle structure. Low fluorescence signal was observed in the anal region 
of the gut as well as around the enteric valve (Figure 4G). At hindgut, no fluorescence signal 
was detected.  
According to these results, we suggest the simultaneous occurrence of CgSOD-1 and 
CgEG-1 in the termite gut and also the images reported a high fluorescence signal at the 
foregut and midgut for both enzymes. Gut tissues incubated with either primary antibody only 
or with fluorescent secondary antibody only were used as controls eliminating the possibility 
of false positives or negatives (Fig. S5A, B and C). 
 
 
 
Figure S5. Control immunolocalizations of CgEG-1 and CgSOD-1 in C. gestroi gut tissue. Gut tissues were 
incubated only with fluorescent secondary antibody (AlexaFluoor 568 fluorophores). The slides were mounted 
using ProLong™ Antifade Reagents for Fixed Cells. After, the slides were observed on a Leica DMI 6000 
microscope. The images were recorded using fluorescence with rodhopsin filter (red). Gut legends: I- foregut, II 
- midgut, III - hindgut and IV - anus.  
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Catalytic activity of CgSOD-1 on polysaccharide  
 To obtain insight into the mechanism of CgSOD-1 and how it couples to the cleavage 
of natural polysaccharides, CgSOD-1 was further assayed for its ability to cleave the 
glycoside bonds in the β-glucan polysaccharide in the presence and absence of ascorbic acid 
or hydrogen peroxide. These two agents were chosen since ascorbic acid can act as a 
superoxide donor for CgSOD-1 (25) and the high concentration of hydrogen peroxide can 
induce the production of hydroxyl radical by CgSOD-1 (11, 12).  
 Since the expected products of glycosidic bond cleavage are oligosaccharides, 
HPAEC-PAD was applied as previously described in the literature (16, 26) for detection of 
either native or oxidized oligosaccharides: aldonic oligosaccharides or 4-ketooligosaccharides 
released from the reducing or non-reducing terminal, respectively. The results showed that 
CgSOD-1 could release native oligosaccharides with a degree of polymerization (DP) ranging 
from 3 to 7, from β-glucan. Interestingly peaks were shown in the region of the chromatogram 
where the oxidized oligosaccharides eluted: thus having two major peaks at 21.5 and 22.8 
minutes. Those peaks overlaped with the elution time of cellohexaonic and celloheptaonic 
acids (Fig. 5A) (28). 
 Moreover, β-glucan and CgSOD-1 were incubated in the presence of hydrogen 
peroxide (30 mM) or ascorbic acid (10 mM). In both reaction conditions, the peak profiles 
were the same as reported for the incubation of β-glucan using only CgSOD-1. However, the 
peaks presented a greater area, particularly in the reaction containing ascorbic acid (Fig.5A). 
Control reactions were performed only containing the substrate and hydrogen peroxide or 
ascorbic acid (Figure S6).  
 Lastly, the ability of CgSOD-1 to generate hydroxyl radicals (HO•) alone and in the 
presence of hydrogen peroxide or ascorbic acid was investigated using HPF probe (Fig. 5B) 
CgSOD-1 was incubated alone with HPF and the generation of hydroxyl radical was detected 
in considerable levels (25 RFU). The addition of 30 mM of hydrogen peroxide in the reaction 
did not increase the level of hydroxyl radical production in comparison to CgSOD-1 alone. In 
the presence of 10 mM ascorbic acid, CgSOD-1 generated the highest amount of HO• after 20 
minutes of reaction, reaching around 60 RFUs (Fig. 5B). Collectively, these data suggested 
that the CgSOD-1 could generate hydroxyl radicals alone and also in the presence of 
hydrogen peroxide and ascorbic acid. 
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Figure 5. Oxidative cleavage of β-glucan and the hydroxyl radical generation by CgSOD-1. (A) The 
HPAEC chromatograms of the oligosaccharides released from β-glucan after the incubation with CgSOD-1 
alone, or in the presence of 10 mM ascorbic acid or with 30 mM hydrogen peroxide. DP2: cellobiose; DP2oxc1: 
cellobionic acid. The others DP numbers are the degree of polymerization. Reducing end = c1 or non-reducing 
c4. (B) 30 mM of hydrogen peroxide was used for induce the production of hydroxyl radicals by 50 ng of 
CgSOD-1. 10 mM of ascorobic acid was used as superoxide anion donor to 50 ng CgSOD-1. Denatured 
CgSOD-1 (50 ng), hydrogen peroxide ascorbic acid alone was not capable to generate fluorescence. Fenton 
reaction (5 mM H2O2 + 0.25 mM FeSO4 [Fe2+] - final concentrations) was use as a positive control. 
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Figure S6. Oxidative cleavage of β-glucan by CgSOD-1. The HPAEC chromatograms from control reactions 
of β-glucan and β-glucan + 10 mM Ascorbic acid or 30 mM hydrogen peroxide. DP: Degree of polymerization; 
DP2: cellobiose; DP2oxc1: cellobionic acid. Reducing end = c1 or non-reducing c4. 
 
Supplementation assays using commercial cellulase cocktail, fungi secretome and 
CgSOD-1 
The supplementation of commercial cellulolytic cocktail (®Celluclast 1.5 L) with 
CgSOD-1 was performed to enhance steam-exploded pretreated sugarcane bagasse hydrolysis 
(Fig. 7A and B). Samples containing 20 µg of CgSOD-1 achieved a higher degree of 
synergism (D.S. 1.26) than those containing 2 µg (D.S. 1.05) for all tested condition (5 and 10 
FPU of Celluclast) after 24 hours of hydrolysis. The reaction containing 10 FPU of Celluclast 
and 20 µg was also performed with a specific inhibitor for SOD-Cu/Zn, 
diethyldithiocarbamate (DDC), and the synergy effect was not detected (Fig. S7). No 
detectable hydrolysis products were observed by CgSOD-1 in the absence of ®Celluclast 
using DNS method. The supplementation of Penicilium echinulatum secretome with different 
amounts of CgSOD-1 revealed even better results for the hydrolysis of pretreated sugarcane 
bagasse (Fig. 6C). For example, the degree of synergism using 50 µg/mL of CgSOD-1 was 
1.52, with 100 µg/mL was 2.03 and with 150 µg/mL was of 2.23, showing that the increase of 
CgSOD-1 concentration in the reaction, increased the degree of synergism, but not at a 
constant rate rate. 
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Figure 6. Synergistic effects of CgSOD-1 with Celluclast and P. echinulatum secretome for hydrolysis of 
pretreated sugarcane bagasse. (A) and (B) Supplementation of Celluclast was performed using two different 
concentrations of Celluclast (5 and 10 FPU) and two different concentrations of CgSOD-1 (2 and 20 µg). The 
hydrolysis was performed at 30 ºC during 24 hours with 2% of steam-exploded sugarcane bagasse (BEX) in 1.5 
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mL of total reaction volume. After assays, the total reducing sugars were measured with DNS method and the 
D.S. was calculated. The highest D.S. found was 1.26 after 24 hours of hydrolysis using 10 FPU of Celluclast 
and 20 µg of CgSOD-1. This condition also released the highest amount of reducing sugars among all the 
experiments. (C). 0,4 FPU of P. echinulatum secretome was mixture with 5% (m/v) sugarcane bagasse 
pretreated by hydrothermal processing (HDT) as substrate in 100mM phosphate buffer pH 4.8 a 50ºC. The final 
reaction volume was adjusted to 1.5 mL and shaker at 1000 RPM for 24 hours. Different amounts of CgSOD-1 
were supplemented in the reactions (1-150 µg/mL).  
 
 
Figure S7. Effect of DDC inhibitor on the synergism of CgSOD-1 with Celluclast. Supplementation of 
Celluclast (10 FPU) was performed using 20 µg of CgSOD-1 in the presence of 1 mM diethyldithiocarbamate, a 
specific Cu/Zn chelator used for superoxide dismutase inhibition. 1mM of DDC alone was not able to inhibit the 
hydrolysis using Celluclast alone. The hydrolysis was performed at 30 ºC during 24 hours with 2% of steam-
exploded sugarcane bagasse (BEX) in 1.5 mL of total reaction volume. After assays, the total reducing sugars 
were measured with DNS method and the D.S. was calculated.  
 
Figure	S7	
0 
0,1 
0,2 
0,3 
0,4 
0,5 
0,6 
0,7 
0,8 
0,9 
10 FPU Celluclast 10 FPU Celluclast +  1 
mM DDC 
10 FPU Celluclast +  
20µg CgSOD-1 
10 FPU Celluclast +  
20µg CgSOD-1 +  1 mM 
DDC 
To
ta
l r
ed
un
ci
ng
 s
ug
ar
s 
(g
/L
) 
D.S.	1.38	
D.S.	0.98	
  
136 
DISCUSSION 
In the last decade, several works regarding digestome analysis on termites were 
performed revealing CAZy and PAD genes/enzymes. However, biochemical assays using 
purified cellulases (GHF-9) from termites or from their protist symbionts (GHF-7 and GHF-
45) evidenced that theses enzymes themselves were not efficient into degrading recalcitrant 
lignocellulose from plant cell walls (5, 29, 30). These characteristics have raised issues on 
whether others auxiliary redox mechanisms would be involved in the termite digestome (31).  
 According to previous studies of transcriptome and proteome from biomass-degrading 
organisms, the presence of PAD enzymes could play a role in either lignin degradation or the 
scavenging of free radicals and other toxic metabolites derived from lignin degradation (32, 
33). Sethi et al. (2013) (5) reported that some PAD genes and enzymes were up-regulated, 
when R. flavipes was fed on a filter paper impregnated with alkali lignin or pinewood in 
relation to filter paper control. Franco Cairo, (submitted) also found that PAD genes and 
enzymes were more abundant in the worker caste (responsible for feeding the colony) than in 
the soldier caste (responsible for colony defense) of C. gestroi. Thus, these evidences need to 
be further investigating in order to elucidate the role of PAD genes and enzymes in the 
digestome of termites.  
Aiming to analyze the role of PAD enzymes in termite digestomes, a transcriptome 
analysis of C. gestroi workers fed on sugarcane bagasses containing different levels of 
recalcitrance were performed. The differential expression of SOD genes showed that this gene 
family had more abundance of transcripts when the termite was fed on a higher recalcitrance 
biomass (raw sugarcane bagasse). Following, the CGSOD-1 coding gene, with the highest 
expression in raw sugarcane bagasse feeding condition, was chosen for biochemical analysis. 
CgSOD-1 from C. gestroi was successfully cloned and expressed in E. coli, showing high 
sequence and structural similarity with SOD from another insect (Triatoma infestans) (34). 
SAXs analyses revealed that CgSOD-1 retains as a dimer in aqueous solution, in agreement 
with the 3D modeling of CgSOD-1. The secondary structure analyses of CgSOD-1 revealed a 
predominance of β-sheet structure, whose are in agreement with others superoxide dismutases 
from insects Bombyx mori and Leptopilina sp. (35, 36). Moreover, an increase in temperature 
showed changes in the secondary structure, leading to the loss of CgSOD-1 activity.  
The CgSOD-1 was found to be very efficient in scavenging superoxide radical 
presenting an IC50 of 1.17 µg mL-1, which is much lower of the IC50 present by the SOD from 
Thermus filiformis bacterium (4.2 mg/mL) (37). CgSOD-1 was also more effective than an 
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extracellular SOD from fungus Tolypocladium sp. (IC50 value of 1.3 mg/mL) described 
previously by (38). Thus, the high scavenging capacity of CgSOD-1 together with its high 
plasticity activity at different temperatures (30-60ºC) suggests that CgSOD-1 has a potential 
for biotechnological applications. 
 To the best of our knowledge, this is the first report of a termite SOD acting in 
synergy with an endo-β-1,4-glycosidase (GHF-9) from C. gestroi for β-glucan hydrolysis. A 
SOD-Mn from Sphingobacterium sp. T2 was reported as a lignin oxidative enzyme 
previously (Rashid et al., 2015b). Other PAD enzymes from termites were reported as being 
able to to enhance the hydrolysis of natural polysaccharides. A catalase (CAT) and aldo-keto 
reductase (AKR) from Reticulitermes flavipes (5) could act in synergism with endogenous 
GHF-9, GHF-1 and also a GHF-7 from the symbiont. However, the localization of these 
enzymes in termite gut, as well as the molecular mechanism involved in the synergism of 
these PAD and CAZy enzymes was not reported.  
 To get insights into the role of CgSOD-1 in the termite digestome, the generation of 
hydrogen peroxide, which is the main reaction product from SODs, was investigated directly 
in C. gestroi gut. The results showed a high production of hydrogen peroxide in the fore- and 
mid- gut of C. gestroi, in agreement with a previous report in Coptotermes formosanus (39). 
Moreover, the immunolocalization of CgSOD-1 in the midgut and also in the foregut of C. 
gestroi supported the production of H2O2 in these sites. The endo-glucanase CgEG-1 from C. 
gestroi was also immunolocalized in the mid and foregut of C. gestroi, supporting the 
evidence of acting in synergy with CgSOD-1. 
 Therefore, due to the natural ability of SOD to perform oxidoreduction reactions, we 
hypothesized that CgSOD-1 could perform a particular type of oxidation in polysaccharides. 
Thus, HPAEC-PAD analyses for detection of native and oxidized oligosaccharides were 
applied to analyze the possible interaction between CgSOD-1 and β-glucan. The data showed 
that CgSOD-1 released oligosaccharides in both forms (native and oxidized) from β-glucan, 
providing evidences that synergy between CgSOD-1 and CgEG-1 was a result of both 
enzymes acting on hydrolysis of glucan chains, releasing oligosaccharides with lower degree 
of polymerization. Noteworthy, this degree of synergism resembles the same obtained when 
mixing endoglucanases or cellobiohydrolases with lytic polysaccharide monooxygenases 
(LPMOs) (14, 15). 
  Previously, researchers have been demonstrated that some reactive oxygen species 
(ROS), such as hydrogen peroxide and mainly hydroxyl radicals, could depolymerize 
lignocelluloses (40). Moreover, the production of hydroxyl radicals by SOD is very well 
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documented in the literature (11, 12). This free radical has been described as the major ROS 
product in Fenton Reactions by brown-rot fungus for lignocellulose breakdown (13). Thus, 
aiming to guarantee the production of ROS by CgSOD-1, we performed the same experiment 
of CgSOD-1 and β-glucan with the addition of an anion superoxide donor (ascorbic acid 
through its auto-oxidation) (25) or a hydroxyl radical inducer (hydrogen peroxide) (12) (Fig. 
5A).  
 However, the control assays lacking of CgSOD-1 (β-glucan + H2O2 and β-glucan + 
Ascorbic Acid) showed that neither hydrogen peroxide nor anion superoxide (formed by the 
ascorbic acid auto-oxidation) was capable of releasing oligosaccharides from β-glucan. This 
suggests that the oxidative cleavage of this substrate is dependent on the presence of CgSOD-
1 in the reaction throughout the production of hydroxyl radicals. This was further confirmed 
using the HPF probe (Fig. 5B). Thus, we suggest that superoxide dismutases could contribute 
to polysaccharide degradation by the generation of ROS such as HO• as well as H2O2. 
 Targeting the application of this enzyme on lignocellulosic conversion processes, 
CgSOD-1 was used in combination with commercial cellulases cocktail (Celluclast 1.5L), and 
also with the secretome of P. echinulatum, an industrial lignocellulolytic fungi strain. 
CgSOD-1 increased the hydrolysis rates in both conditions at satisfactory levels. It’s known 
that the supplementation of commercial cocktails and fungi secretomes depends on several 
factors (41), and in fact, the addition of oxidative enzymes, such as some laccases can even 
decrease the activities of glycoside hydrolaes (5). However, the CgSOD-1 concentrations 
tested with Celluclast and with P. echinulatum secretome showed that low protein amounts 
were enough to achieve the synergy at these conditions. It’s noteworthy that, the high level of 
heterologous expression, the small protein size per active site, and the thermo tolerance 
suggest that CgSOD-1 is a promising novel enzyme for industrial lignocellulosic biomass 
saccharification.  
 
Conclusions 
In this report, the differential expression of SOD genes from C. gestroi genome was 
monitored in worker caste submitted to different diets, revealing that the genes coding for 
these oxidoreductases were modulated in response to raw sugarcane bagasse, a recalcitrant 
plant. The differential and highly expressed gene CgSOD-1 was targeted for cloning and 
heterologous expression followed by functional and biophysical characterization. The results 
showed that CgSOD-1 displayed a typical superoxide dismutase activity and it presented a 
homodimer structure in aqueous solution. Moreover, investigations regarding the 
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physiological role of CgSOD-1 on carbohydrate metabolism in C. gestroi were also 
performed, revealing that this enzyme could act in synergism with endogenous endo-
glucanase CgEG-1 (GHF-9) from C. gestroi to enhance the hydrolysis of β-glucan. Moreover, 
the immunolocalization of CgSOD-1 together with CgEG-1 in the midgut and in the foregut 
suggested a role of CgSOD-1 in C. gestroi digestome.  
Further experiments evidenced that CgSOD-1 could cleave β-glucan polysaccharide 
releasing oxidezed oligosaccharides, confirming that this enzyme could mediate oxidative 
mechanism and generate of ROS. Finally, the potential use of CgSOD-1 as a supplemental 
enzyme in lignocellulolytic cocktails was also evaluated, showing the enhancement of 
sugarcane bagasse saccharification. Collectivelly, our results introduced a new enzyme 
involved in oxido-reduction reactions in lignocellulolytic organisms. 
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MATERIALS AND METHODS 
 
Termites 
 Specimens of C. gestroi (Wasmanm, 1986) were maintained in the Termite 
Laboratory of the Biology Department, UNESP, Rio Claro, São Paulo, Brazil (22º 23’S, 47º 
31’W) after collection from field colonies using traps of corrugated cardboard. Termites were 
kept at 25 ± 2 °C and fed on cardboard with 10% of humidity. 
 
Feeding experiments 
 The feeding experiments were performed in arenas with slight modification as 
previously described (42). These arenas were composed of a central release chamber (145 
mL) connected by small plastic tubes (10 cm long and 0.5 cm in diameter) to the food 
chamber (145 mL). The release chamber contained a moistened matrix of sterile sand (10% 
moisture content), which completely covered the insertion hole of the connecting tube. Three 
hundred workers and 10 soldiers of C. gestroi were placed in the central chamber, and the 
termites could enter the food chambers immediately following their introduction. As food, 
two different lignocellulosic materials were used: Raw Sugarcane Bagasse (SCB) as control, 
Pre-treated Phosphoric Acid Sugarcane Bagasse (PASCB) and Delignified Sugarcane 
Bagasse (DELSCB) as tests. One gram of substrate was placed on each food chamber. Five 
replicates were established for each diet, and all experiments were maintained at 25 ± 1°C 
during 21 days. After, 50 workers were collected from the food chamber and frozen with 
liquid nitrogen and kept at -80 ºC until RNA extraction. 
 The substrates were gently provided by the industrial division from the Laboratório 
Nacional de Ciência e Tecnologia do Bioetanol - CTBE. The compositional analysis of SCB 
was: 45.6% cellulose, 26.6% hemicellulose, and 22.2% lignin in according to Ribeiro et al., 
(2012) (43). PASCB has 61.65% cellulose, 2.79% hemicellulose, and 32.96% lignin in 
according to de Rocha et al., (2011) (44) and DELSCB has 55% cellulose, 30.7% 
hemicellulose, and 9.4 % lignin in according to de Siqueira eta al., 2012 (45). 
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Total RNA extraction and rRNA depletion 
 Total RNA (10 µg) was extracted from 50 workers of each biological replicate from 
the feeding experiment using TRIZol reagent protocol (Invitrogen). Trizol/Chloroform step 
was performed twice. After, the total RNA was purified using RNeasy Plant Mini Kit 
(Qiagen) under manufacture instructions. The quality of RNA was verified using RNAnano 
chip Bioanalyzer 2100 (Agilent). Good quality RNAs (RIN > 8.0) were submitted to rRNA 
depletion using RiboZero rRNA Removal Kit under manufacture instruction with a slight 
modification: at depletion step, we used a blend of rRNA removal solution from RiboZero 
Gold and RiboZero Bacteria kits (1:1) aiming to depletion of Prokariotic and Eukaryotic 
rRNAs. After, the depleted RNAs were purified using Ampure XP beads under manufacture 
instructions and kept at -80 ºC until RNAseq library preparation. 
 
RNA-Seq library preparation and Sequencing 
 A total of 50 ng of depleted RNA for each replicate from feeding experiment were 
used for library preparation under manufacture instruction for Stranded TruSeq RNA Sample 
Preparation kit. Once the total RNA was purified and had their rRNA depleted (Ribozero 
Gold and Bacteria), the protocol began at fragmentation and prime step from the Stranded 
TruSeq RNA guide. Quality control and quantification of the libraries were performed using a 
DNA 1000 series II Bioanalyzer Chip (Agilent) and KAPA Library Quantification Kit for 
GNS respectively. For each library, the paired-end sequences of 100 bp were generated in a 
single lane using an Illumina HiSeq 2000. A total of 9 libraries were generated: 3 from 
workers fed on Raw SCB, 3 from workers fed on DELSBC and 3 from workers fed on 
PASCB.  
 
Determination of Gene Expression Levels 
 The SOD genes were discovery and annotated previously (Franco Cairo et al., 
submmited). SOD genes differential expressions were measured via the RPKM method, using 
only one read alignment for each transcript (46), for each feeding condition. Log-fold change 
and FDR values were obtained using edgeR R/Bioconductor package (46). For sake of gene 
expression comparison, we used the FPKMs of genes encoding Beta-actin as controls. We 
expected no difference among conditions for these genes, once they are related to structural 
metabolism in C. gestroi.  
  
142 
Cloning of CGSOD-1  
 The gene sequence for CGSOD-1 coding the full-length superoxide dismutase 
CgSOD-1 was amplified from C. gestroi’s cDNA by a standard PCR method as previously 
described (47) using two nucleotide primers (forward 5’- 
TATAGCTAGCATGCCGATAAAAGCTGTATGTGTTC-3’; reverse 5’-
TATAGGATCCTTAGATCTTAGCAATTCCCACCAC-3’ - underlined sequence indicates 
the recognition site of the restriction enzymes NheI and BamHI, respectively). The PCR 
product was digest with the proper enzymes followed by ligation into pET-28(a) vector 
(Novagen), followed by transformation in ArcticExpress Competent Cells (Novagen) for 
protein expression. Physical and chemical parameters were predicted by the ProtParam tool 
from ExPASy (http://web.expasy.org/protparam/) (48), while prediction of signal peptide was 
performed in SignalP and SecretomeP platforms (49, 50). 
 
Protein expression and purification 
Cells from a single colony of Eschericha coli ArcticExpress Competent Cells   
transformed with pET28a-CgSOD-1 were grown in liquid LB-kanamycin (25 µg/mL) for 16 
h at 37°C and 200 rpm. Thereafter the culture was diluted in 800 mL of fresh LB-kanamycin 
medium followed by incubation at 30°C and 200 rpm during 4 h. The temperature and 
rotation were then reduced to 12°C and 120 rpm. After one hour of acclimation, CuCl2 and 
ZnCl2 were added to a final concentration of 2.5 and 1 mM, respectively, and adding 1 mM 
Isopropyl β-D-1-thiogalactopyranoside (IPTG), induced the recombinant protein expression. 
After 24 h, the cells were harvested at 8,500 g.  
 The cells were resuspended in lysis buffer (20 mM sodium phosphate pH 7.5, 500 mM 
NaCl, 5 mM imidazole, 80 g of egg lysozyme mL-1 and 5 mM PMSF) and them disrupted in 
ice bath by an ultrasonic processor (7 pulses of 10 s at 500 W; VC750 Ultrasonic Processor, 
Sonics Vibracell). After that the SOD from the supernatant was purified by chromatography 
using an AKTA FPLC system (GE Healthcare, Waukesha, WI, USA) using a 5 mL HiTrap 
Chelating HP column (GE Healthcare) charged with Ni2+ followed by Superdex 200 10/300 
GL column (GE Healthcare). The SOD identity was confirmed by mass spectrometry, 
accordingly to Mandelli et al, 2013 (37), The concentration of purified SOD was measured by 
NanoDrop 2000c (Thermo Scientific, USA) and calculated using the molar extinction 
coefficient (1615 M-1 cm-1). 
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Determination of superoxide dismutase activity  
 Superoxide dismutase (SOD) activity was determined by a modified procedure of 
pyrogallol autoxidation (51). Different amounts of the enzyme solution (0.25 to 2.5 µg) were 
added in a 50 mM Tris buffer containing 1 mM EDTA, at pH 8.2. The reaction was 
performed in a microplate and was initiated by the addition of 0.2 mM pyrogallol (final 
concentration). The change of absorbance at 325 nm was measured every 30 s for 10 min at 
25°C. The results were expressed as the amount of enzyme in µg required for 50% inhibition 
of pyrogallol autoxidation (IC50). As negative control, denatured CgSOD-1 was used. To 
evaluate the effect of pH and temperature, CgSOD-1 (2.5 µg) was incubated in different pHs 
(ranging from pH 4.0 – 11.0) at 25ºC and temperatures (ranging from 20 - 70ºC) before 
perform the pyrogallol assay. The enzyme activity under different temperatures was also 
evaluated by riboflavin-nitroblue tetrazolium assay with non denaturing polyacrylamide gel 
(NBT-PAGE) (52). 
 
Spectroscopic methods 
 Far-UV circular dichroism (CD) measurements were carried out using a Jasco J-810 
spectropolarimeter (Jasco International Co. Ltd., Tokyo, Japan), equipped with a Peltier 
temperature control unit, from 190 to 260 nm in a 1 mm pathlength quartz cuvette according 
to described by Mandelli et al. (2013) (37). For thermal scans, the protein samples were 
heated from 20 to 100°C and subsequently cooled to 20°C with a rate of 1°C min-1 controlled 
by a Jasco programmable Peltier element. Far-UV CD spectra were recorded every 2°C, and 
all the spectra were corrected by discounting the solvent contribution. The CD data are shown 
as mean residue ellipticity units (deg cm2 dmol-1). The secondary structure (SS) contents were 
evaluated by deconvolution of the CD spectrum using the DichroWeb K2d database (18). 
 
Molecular modeling and Small angle X-ray scattering - SAXS 
The three-dimensional structural model of CgSOD-1 without the signal peptide and 
the His-tag) was generated using SWISSMODEL (53) with the superoxide dismutase from 
silkworm Bombyx mori (PDB ID 3L9Y) as reference structure (higher identity - 73%). The 
QMEAN4 score for CgSOD-1 was also calculated (54). 
CgSOD-1 data was collect on the SAXS2 beam line at the Brazilian Synchrotron Light 
Laboratory (Campinas, Brazil) with monochromatic X-ray λ= 1.55 Å. X-ray patterns were 
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recorded using a two-dimensional detector (MarResearch, USA) at 1 and 5 mg/mL in 20 mM 
phosphate buffer (pH 6.0). The sample-to-detector distance was set to 1,000 mm to give a 
range of the scattering vector q from 0.015 to 0.34 Å−1, where q is the magnitude of the q-
vector defined by q = 4π sinθ/λ (2θ is the scattering angle). The SAXS patterns were 
integrated using Fit2D software and the curves were scaled by the protein concentration (55). 
The radius of gyration (Rg) of the molecules were determined by two independents 
methods, from Guinier equation (56) and by indirect Fourier transform method using Gnom 
package (57) . The distance distribution function p(r) was also evaluated with GNOM 
software and the maximum diameter (Dmax) was obtained. Molecular Weight was obtained 
using SAXSmoW webtool (22). 
Dummy atom models (DAMs) were calculated from the experimental curves from 
CgSOD-1 by ‘ab initio’ procedures implemented in Dammin package (23). Damaver was 
used for automated analyses and averaging of multiple reconstructions, permitting both to 
analyze the stability of the reconstruction convergence and to yield the most probable particle 
model (58). CRYSOL 2.7 (24) was used to generate the simulated scattering curve, Rg and 
Dmax from DAM and Zn/Cu-SOD from silkworm Bombyx mori (PDB ID 3L9Y) (36), which 
has the higher identity with CgSOD-1 (73%). Gnom was used to obtain the distance 
distribution function p(r) from crystallographic model. Supcomb (59) was used to 
superimpose the CgSOD-1 DAM and the PDB ID 3L9Y. Figures were generated with 
PyMOL v 1.7.4. 
 
Assay for synergy of CgSOD-1 with C. gestroi’s glycoside hydrolase 
 An assay was performed for assessing a potential synergism between CgSOD-1 and 
CgEG-1 - GHF-9 (an endo-β-1,4-glucosidases from C. gestroi) (29). Reactions were 
performed using 100 µL of β-glucan (Barley, low viscosity - Megazyme) 0.5% in 50 mM of 
Sodium Acetate Buffer pH 5.5, 300 ng of CgEG1 and different concentration of CgSOD-1 
(50, 300 and 500 ng). A final reaction volume of 150 µL was achieved by adding 50 mM of 
sodium acetate buffer at pH 5.5. All reactions were performed in quintuplicate at 30ºC during 
30 min in PCR plates. After hydrolysis, 100 µL of reaction were transferred to a new plate 
and then 100 µL of DNS (60) was added. The reactions were boiled for 5 min at 99ºC and the 
absorbance was measured at 540 nm and the results were presented as glucose equivalent 
(µM). A glucose standard curve was constructed for glucose equivalents quantification. The 
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degree of synergism (DS) was calculated as ab/(a+b) as described previously (29), where ab 
is the result in µmol min-1 of synergism and a and b are the results of each enzyme alone.  
Detection of hydrogen peroxide in C. gestroi guts 
Workers of C. gestroi were washed in 70% ethanol for 20 seconds and allowed to dry in 
filter paper (Whatman) for 10 seconds. Following, they were immersed in 50 µl of 100 mM 
sodium acetate buffer at pH 5.5 to remove residual ethanol and subsequently immersed in 50 
µl of 100 µM Amplex Red/HPR (0.2 U ml-1) and incubated for 1 hour in the dark at room 
temperature. After, the termites were washed twice with 200 µl of 100 mM sodium acetate 
buffer, pH 5.5, allowed to dry in filter paper for 30 seconds, and then, they were transferred to 
a slide for microscope observation using Axio Imager 2 - Zeiss under HXP-120 Light Source 
(Metal Halide Lamp), 20% of brightness with rhodamine excitation filter (535 nm). For C. 
gestroi gut analyses, workers were washed in 70% ethanol for 20 seconds and allowed to dry 
in filter paper for 10 seconds. After, they were transferred to a slide with 50 µL of 100 mM 
sodium acetate buffer at pH 5.5, and the guts were extracted using forceps.  
After, the guts were immersed in slide with 20 µl of Amplex Red/HPR and incubated in 
the dark at room temperature during 5 minutes.  After incubation, the worker guts were 
washed twice in another slide, with 20 µl of 100 mM sodium acetate buffer at pH 5.5, and 
then, they were transferred to a new slide for microscopy observation using Axio Imager 2 - 
Zeiss under HXP-120 Light Source (Metal Halide Lamp) with 20% of brightness with 
rhodamine excitation filter (535 nm). The images were acquired using AxioCam ICc1 and 
processed using Axio Visio software 3.2. All the analyses were performed in biological 
triplicates. 
 
Immunolocalization of CgSOD-1 and CgEG-1  
 The immunolocalizations of CgSOD-1 and CgEG-1 were performed in the termite gut 
according to Price et al., (2004) (61). The heterologous expression and purifications of CgEG-
1 were performed in according with Franco Cairo et al., (2013) (29). The purified CgSOD-1 
and CgEG-1 were used to produce polyclonal antibodies in rabbits, according to standard 
protocols (www.rheabiotech.com.br). IgG fractions were purified from rabbit serum 
according to the manufacturer’s instructions. Eluted antibodies were concentrated to 10 
mg/mL. .  
  
146 
 For the immunolocalization of the CgSOD-1 and CgEG-1, workers of C. gestroi were 
washed in 70 % (v/v) ethanol followed by PBS and the complete guts were dissected out in 
PBS with PMSF (0.2 mM), EDTA (1 mM) and leupeptin (20 µM).  After dissection, C. 
gestroi guts were transferred to a tube containing a solution of 2% (w/v) paraformaldehyde. 
The gut tissues were fixed for 2 h at room temperature. After guts fixation, the samples were 
washed several times in PBS 1X. Nonspecific antibody binding was prevented by incubating 
the guts for 1 h in a solution containing 4% (v/v) Triton X-100 with 2% (w/v) bovine serum 
albumin (BSA) in PBS. 
 After the blocking step, the guts were incubated in primary antibody with shaking at 4 
ºC for 24 h. Anti-CgSOD-1 and Anti-CgEG-1 were used separately at a concentration of 
1:1000 in antisera buffer (0.4% (v/v) Triton X-100 with 2% (w/v) BSA in PBS).  Gut tissues 
were then washed in PBS at 4 ºC for 24 h.  Labelled secondary antibody AlexaFluoor 568 
(Red) was incubated with each gut tissues at a concentration of 1:200 in antisera buffer at 4 
ºC for 18 h.  The secondary antibody solution was removed and the tissues were washed in 
PBS at 4 ºC for 18 h. 
 Immunostained guts were mounted in glass slides. Control experiments were run in 
parallel, which consisted of a primary antibody only control and a secondary antibody only 
control. Control experiments were set up following the same procedure, except the 
appropriate antibody incubation stage was omitted. The slides were submitted to microscopy 
observation using Axio Imager 2 - Zeiss under HXP-120 Light Source (Metal Halide Lamp) 
with 20% of brightness with rhodamine excitation filter (535 nm). The images were acquired 
using AxioCam ICc1 and processed using Axio Visio software 3.2. 
Activity of CgSOD-1 on model polysaccharide substrate 
 To understand the catalytic activity of CgSOD-1 on polysaccharides, we used High 
Performance Anion Exchange Chromatography with Pulsed Amperometric Detector 
(HPAEC-PAD) for detection of a vast array of native as well as oxidized mono- or 
oligosaccharides. Reactions were performed with 0.5% of β-glucan as polysaccharide 
substrate, 20 µg of CgSOD-1 and with or without 10 mM ascorbic acid, or in another set with 
30 mM H2O2 (final concentrations). The final volume of reactions was set at 200 µL by 
adding 50 mM of Sodium Acetate Buffer pH 6. Control reactions were performed as 
described above using denatured CgSOD-1. All reactions were performed in triplicate at 30ºC 
during 120 min in 2 mL tubes without agitation. After, the samples were centrifuged during 
10 minutes at 10.000g and the supernatants were transferred to conical vials for HPAEC. 
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 HPAEC-PAD was conducted using an ICS5000 system (Dionex, Sunnyvale, CA, 
USA) equipped with a gold electrode PAD. Samples of 2 µL were injected onto a column 
system composed of a CarboPac PA1 2 × 250 mm analytical column (Dionex, Sunnyvale, 
CA, USA) and a CarboPac PAC1 2 × 50 mm guard column at 30 °C. The gradient method for 
elution has been described in detail previously (28). We used the peaks retention time 
described in Westereng et al., (2013) to support the interpretation of the oxidized 
oligosaccharide structures. 
Measurements of hydroxyl radicals  
 The ability of CgSOD-1 into produce hydroxyl radical (HO•) was monitored using 2-
6-(4-hydroxy)phenoxy-3H-xanthen-3-on-9-yl-benzoic acid (HPF) as a fluorescent probe (62). 
The reactions were also performed in the presence of high concentrations of H2O2 or ascorbic 
acid. 
 For these reactions, 50 ng of CgSOD-1 was incubated with sodium acetate buffer at 
final concentration of 100 mM (pH 6), H2O2 at final concentration of 30 mM and 40 µl of 50 
µM HPF in 100 mM sodium acetate buffer pH 6, in final volume of 200 µL. Two additional 
control reactions were also performed: one with denatured CgSOD-1 and, only with H2O2.  
 For the assays using ascorbic acid, 50 ng of CgSOD-1 were incubated with sodium 
acetate buffer at final concentration of 100 mM (pH 6), Ascorbic Acid at final concentration 
of 10 mM and 40 µl of 50 µM HPF in 100 mM sodium acetate buffer pH 6. The final volume 
of reaction was 200 µL. Two additional control reactions were performed: one only with 
ascorbic acid and one with denatured CgSOD-1.  
 As a positive control, 50 µl of 1 mM FeSO4 was incubated with 40 µl of 50 µM HPF 
and 60 µL of 100 mM sodium acetate buffer pH 5.5. For Fenton reaction initiation, 100 µl of 
5 mM H2O2 was added to the assay. All reactions were performed in triplicates. The assays 
were kinetically monitored over 20 minutes at 35 ºC using a plate reader fluorometer 
(Molecular Devices). The excitation wavelength was 488 nm, and the emission wavelength 
was 515 nm. The results were referred as Reference Fluorescence Units - RFU. 
 
Lignocellulose hydrolysis using Celluclast® supplemented with CgSOD-1 
 The steam exploded sugarcane bagasse (BEX) (43) was subjected to enzymatic 
saccharification with a commercially available enzyme preparation (®Celluclast 1.5L, 
Novozymes) at 5 and 10 FPU and in combination with 2 or 20 µg of CgSOD-1 (0.62 and 
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0.0062 mg g-1 of bagasse). The enzymatic hydrolysis was performed with 2% (w/v) of pre-
treated sugarcane bagasses in 100 mM citrate buffer, pH 5.5 at 30 ºC. The reactions were 
carried out in 2 mL Eppendorf tubes using a Thermomixer microplate incubator (Eppendorf, 
Germany). After incubation the samples were centrifuged at 10,000 g for 15 min (5418 
Centrifuge, Eppendorf) and filtrated (Sepak C18, Waters). As negative control, denatured 
CgSOD-1 was used in all reaction lacking the active enzyme, moreover, the reaction 
containing 10 FPU Celluclast and 20 µg of CgSOD-1 was performed with 
diethyldithiocarbamate (DDC) 1 mM at final concentration. The analyses were performed in 
triplicate. Following hydrolysis, the quantification of released sugars and determination of the 
degree of synergism (DS) were performed as described in the topic: Assay for synergism of 
CgSOD-1 with C. gestroi’s glycoside hydrolases. 
 
Penicillium echinulatum secretome supplementation with CgSOD-1 for 
lignocellulose breakdown 
Penicillium echinulatum S01M29 was grown in according with Costa et al., 2016 (63) 
and the secretome was recovery for the experiments. Hydrothermal pretreated sugarcane 
bagasse (BH) was used as substrate. For supplementation assays, 0.4 FPU of P. echinulatum 
secretome was added on 5% (m/v) of BH in 100mM phosphate buffer pH 4.8 at 50ºC. The 
final reaction volume was adjusted to 1.5 mL and shaker at 1000 rpm for 24 hours. Different 
amounts of CgSOD-1 were supplemented in the reactions (1-150 µg/mL).  
 After incubation the samples were centrifuged at 10,000 g for 15 min (5418 
Centrifuge, Eppendorf) and filtrated (Sepak C18, Waters). The analyses were performed in 
triplicate. The quantification of released sugars and determination of the degree of synergism 
(DS) were performed as described above. 
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CAPÍTULO 4 - CONSIDERAÇÕES FINAIS 
1. CONCLUSÕES GERAIS 
 Os resultados apresentados nesta tese mostraram que o cupim inferior 
Coptotermes gestroi possui um arsenal de enzimas acessórias e complementares capaz de 
atuar em sinergia com hidrolases glicosídicas para a degradação de material lignocelulósico. 
Entre o conjunto de enzimas acessórias, contribuímos em revelar que enzimas óxido-
redutoras, as quais promovem oxidação da biomassa lignocelulósica, podem desempenhar 
um papel central no digestoma do cupim C. gestroi, complementando as atividades de 
celulases e hemicelulases. 
 No primeiro artigo dessa tese uma celulase endógena CgEG-1 (GHF-9) e uma beta-
glicosidase CgBG-1 (GHF-1) foram compreensivamente caracterizadas funcionalmente e 
estruturalmente. Apesar dessas duas enzimas apresentarem uma grande sinergia para a 
degradação de polissacarídeos naturais e lignoceluloses complexas, a quantidade de açúcares 
liberados foram relativamente menor quando comparado à literatura que utilizam misturas 
de celulases de fungos, por exemplo (Ribeiro et al., 2012; Segato et al., 2012; Wang et al., 
2011). Esse dado corrobora com estudos de outras espécies de cupim, a qual forneceu base 
para a nossa hipótese quanto a existência de mecanismos auxiliares em cupins e sua 
importância na degradação da biomassa recalcitrante (Brune, 2014; Watanabe and Tokuda, 
2010).  
Para investigar a ocorrência desses mecanismos auxiliares/complementares em C. 
gestroi, abordagens “ômicas” foram empregadas em C. gestroi, com o objetivo de 
identificar genes e enzimas relacionados a esse mecanismo. Os resultados foram descritos 
no segundo artigo dessa tese. Nesse estudo, uma análise do metatranscriptoma e 
metaproteoma das castas de soldados e operários de C. gestroi foi realizada com sucesso. Os 
resultados mostraram que o arsenal de enzimas CAZy nas duas castas eram similares, 
entretanto a abundância de enzimas CAZy na casta operária foi maior do que na casta de 
soldado, o que era esperado, uma vez que a casta operária é responsável por alimentar as 
outras castas da colônia.  
Entre as enzimas encontradas nestes estudos, como esperado, estão diversas hidrolases 
glicosídicas tais como celulases e hemicelulases. Enzimas auxiliares, principalmente 
enzimas de Atividades Auxiliares (AAs), do banco do CAZy, tais como lacases e glicose 
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oxidases também foram mapeadas, junto com esterases de carboidratos (CEs). A principal 
contribuição deste estudo foi quanto as enzimas relacionadas a processos de Pro-oxidação, 
Antioxidação e Detoxificação (PAD), ou seja, enzimas óxido-redutoras, que também foram 
encontradas em abundância, em especial na casta operária. A maioria dessas enzimas foram 
classificadas como endógenas (codificadas pelo genoma de C. gestroi), entretanto uma parte 
dessas enzimas foram classificadas como tendo sua origem os protozoários simbiônticos que 
ocorrem no trato digestivo posterior de C. gestroi. 
Recentemente a literatura revelou que enzimas PAD, tais como uma catalase (CAT) e 
uma aldo-keto redutase (AKR), poderiam estar relacionadas a processos de oxidação da 
celulose e da lignina, bem como na detoxificação de produtos tóxicos oriundo da degradação 
deste composto fenólico (Sethi et al., 2013). De acordo, com estes estudo foi demonstrado 
que uma AKR endógena de cupim inferior atuava em sinergia com hidrolases glicosídicas 
endógenas de cupins e simbiônticas, para aumentar a sacarificação de material 
lignocelulósico complexo. Desta forma, baseado na literatura e nos nossos resultados, 
direcionou-se o foco do nosso trabalho para outra enzima classificada como PAD, uma 
superóxido dismutase de C. gestroi, a qual possuía grande abundância de expressão, tanto 
gênica e protéica, em especial na casta operária. Esta enzima foi escolhida para estudos mais 
aprofundados sobre o seu papel no digestoma desse inseto. 
No terceiro artigo desta tese, uma caracterização funcional, biológica e estrutural de 
uma superóxido dismutase SOD-Cu/Zn de C. gestroi foi realizada. Utilizando abordagem de 
transcriptômica ficou evidenciado que algumas SOD-Cu/Zn endóegnas de C. gestroi 
tiveram sua expressão gênica modulada pela dieta lignocelulósica, a qual o inseto foi 
submetido. Desta forma o gene CGSOD1, que era o mais abundantes em número de FPKMs 
e também com expressão diferencial foi escolhido para expressão heteróloga e 
caracterização funcional. A enzima CgSOD-1 possui uma típica atividade de dismutase, 
avaliada pelo método do pirogalol. Para testar a hipótese que essa enzima esta relacionada 
ao digestoma de C. gestroi, ensaios de sinergia com a endoglucanase de C. gestroi, CgEG-1, 
foram realizados. As análises revelaram que CgSOD-1 atua em sinergia com CgEG-1 na 
hidrólise de ß-glucano, aumentando a hidrólise em cerca de 100%.  
Para tentar evidenciar a atuação de CgSOD-1 in-vivo, tanto a produção de peróxido de 
hidrogênio foi detectada no trato digestivo de C. gestroi, assim como experimentos de 
imuno-localização de CgSOD-1 e CgEG-1 foram realizados no trato digestivo de C. gestroi. 
O resultados mostraram que CgSOD-1 localiza-se, com base nos resultados de 
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imunofluorescência, no intestino anterior e médio, corroborando com a detecção de 
peróxido de hidrogênio nesses mesmos seguimentos. Como esperado, a CgEG-1 também 
localizou-se nos mesmos segmentos do trato digestivo de C. gestroi que CgSOD-1, 
sugerindo assim que esta enzima óxido-redutora, estaria atuando em conjunto com 
hidrolases também no digestoma desse cupim. 
Visando uma aplicação biotecnológica de CgSOD-1, ensaios de suplementação de 
coquetéis celulolíticos comercias, foram realizados. CgSOD-1 demostrou ser capaz de 
aumentar a sacarificação de bagaço de cana pré-tratado em 25 à 30%, quando combinado 
com um coquetel baseado em celulases fúngicas, tal como o Celluclast ou de 100% quando 
combinado com o secretoma do fungo Peniclium echinulatum (Camassola e Dillon, 2007). 
Atualmente, esta enzima está sendo testada junto a plataforma tecnológica de Bioetanol do 
CTBE, como uma enzima suplementar no coquetel enzimático.  
De forma geral, essa tese atingiu o seu objetivo principal de revelar vias de degradação 
da biomassa lignocelulósica complementares a celulases e hemicelulases no digestoma do 
cupim inferior C. gestroi. O presente estudo expandiu o conhecimento sobre o repertório de 
celulases e hemicelulases clássicas, bem como de enzimas auxiliares ou complementares 
CAZy e PAD no digestoma de cupins inferiores. Mais que isso, essa tese evidenciou que 
essa complementação às hidrolases glicosídicas, se dá através da atuação em sinergia dessas 
enzimas com enzimas oxidoredutoras, tal como uma superóxido dismutase. 
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a b s t r a c t
Termites can degrade up to 90% of the lignocellulose they ingest using a repertoire of endogenous and
symbiotic degrading enzymes. Termites have been shown to secrete two main glycoside hydrolases,
which are GH1 (EC 3.2.1.21) and GH9 (EC 3.2.1.4) members. However, the molecular mechanism for
lignocellulose degradation by these enzymes remains poorly understood. The present study was con-
ducted to understand the synergistic relationship between GH9 (CgEG1) and GH1 (CgBG1) from Cop-
totermes gestroi, which is considered the major urban pest of São Paulo State in Brazil. The goal of this
work was to decipher the mode of operation of CgEG1 and CgBG1 through a comprehensive biochemical
analysis and molecular docking studies. There was outstanding degree of synergy in degrading glucose
polymers for the production of glucose as a result of the endo-b-1,4-glucosidase and exo-b-1,4-
glucosidase degradation capability of CgEG1 in concert with the high catalytic performance of CgBG1,
which rapidly converts the oligomers into glucose. Our data not only provide an increased compre-
hension regarding the synergistic mechanism of these two enzymes for cellulose saccharification but
also give insight about the role of these two enzymes in termite biology, which can provide the foun-
dation for the development of a number of important applied research topics, such as the control of
termites as pests as well as the development of technologies for lignocellulose-to-bioproduct
applications.
! 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Termites are considered the smallest bioreactor in the world
(Brune,1998). The termite’s digestome can degrade up to 90% of the
lignocellulosic biomass ingested (Katsumata et al., 2007) using a
repertoire of endogenous and symbiotic degrading enzymes,
accessory proteins, and putative ligninases (Chandrasekharaiah
et al., 2011; Coy et al., 2010; Hongoh, 2011; Tartar et al., 2009;
Todaka et al., 2010, 2007; Warnecke et al., 2007). The termite gut
is generally divided in three compartments: foregut, midgut and
hindgut. After the termites ingest lignocellulose material, the
biomass is reduced to about 20 mm by their mandibles (Fujita et al.,
2010), then further exposing the material to the degradation of
endogenous enzymes, such as endo-b-1,4-glucosidase (GH9), b-
glucosidase (GH1) (Brune and Ohkuma, 2011; Ohkuma, 2003;
Ohkuma et al., 2008), laccases and esterases in the foregut (Coy
et al., 2010; Sethi et al., 2013; Wheeler et al., 2010). These
Abbreviations: APTS, 8-aminopyreno-1,3,6-trisulfonic acid; BIN, integral sugar-
cane bagasse; CD, circular dichroism; CMC, carboxymethyl cellulose; CZE, capillary
zone electrophoresis; DNS, 3,5-dinitrosalicylic acid; DS, degree of synergism; GH,
glycoside hydrolase; GOD, glucose oxidase; IMAC, immobilized metal affinity
chromatography; PASB, phosphoric acid pretreated sugarcane bagasse; p-NP, p-
nitrophenyl.
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h i g h l i g h t s
" The Amazon rainforest Trichoderma harzianum is a potential candidate for saccharification of plant biomass.
" Important roles for pectinase and a-L-arabinofuranosidase in the enzymatic synergies.
" Sugarcane bagasse hydrolysis is more effective and competitive for second generation ethanol.
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a b s t r a c t
Supplementation of cellulase cocktails with accessory enzymes can contribute to a higher hydrolytic
capacity in releasing fermentable sugars from plant biomass. This study investigated which enzymes
were complementary to the enzyme set of Trichoderma harzianum in the degradation of sugarcane
bagasse. Specific activities of T. harzianum extract on different substrates were compared with the
extracts of Penicillium echinulatum and Trichoderma reesei, and two commercial cellulase preparations.
Complementary analysis of the secretome of T. harzianum was also used to identify which enzymes were
produced during growth on pretreated sugarcane bagasse. These analyses enabled the selection of the
enzymes pectinase and a-L-arabinofuranosidase (AF) to be further investigated as supplements to the
T. harzianum extract. The effect of enzyme supplementation on the efficiency of sugarcane bagasse sac-
charification was evaluated using response surface methodology. The supplementation of T. harzianum
enzymatic extract with pectinase and AF increased the efficiency of hydrolysis by up to 116%.
! 2012 Elsevier Ltd. All rights reserved.
1. Introduction
The conversion of lignocellulosic biomass into fuels and other
chemicals can be achieved using a multi-enzyme system acting
in synergy. An enzymatic cocktail containing different enzymes in-
volved in the hydrolysis of each part of the lignocellulosic structure
is crucial to increase enzymatic hydrolysis (EH) yields (Alvira et al.,
2011; Berlin et al., 2007; Gao et al., 2011). In addition, the viable
bioconversion of biomass requires not only that the cost of the en-
zymes be reduced, but also that improvements be made in the
effectiveness of the enzymatic extracts used in the hydrolysis mix-
ture. These aspects are highly dependent on both the raw material
and the pretreatment employed (Delabona et al., 2012a; Jorgensen
and Olsson, 2006; Sorensen et al., 2011; Sukumaran et al., 2009).
On-site production of enzymes can help to reduce enzyme costs
since there is less need to stabilize the enzyme preparations, avoid-
ing costs associated with transport and storage for long periods.
Furthermore, the use of the same lignocellulosic biomass for en-
zyme production and hydrolysis could reduce the production costs
of bioethanol, since both process could be co-located and share
infrastructure and utilities (Delabona et al., 2012a). The on-site en-
zyme production using a split stream from the bioethanol process
as part of the fermentation medium could be an attractive alterna-
tive (Kovacs et al., 2009; Sorensen et al., 2011). Moreover, the pro-
duction of enzymes using as carbon source the same lignocellulosic
material that will be used in the hydrolysis has shown that these
enzyme preparations can present better performance (Delabona
et al., 2012a; Jorgensen and Olsson, 2006).
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The characterization of a thermostable and cambialistic
superoxide dismutase from Thermus filiformis
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Significance and Impact of the Study: This manuscript describes the expression and characterization of
a superoxide dismutase (SOD) from Thermus filiformis with thermophilic and cambialistic characteristics.
The SODs are among the most potent antioxidants known in nature, and their stability and pharmacoki-
netics can vary widely in accordance to their biological source. Although the currently clinical research
work has been focused on human and bovine SODs, alternative sources may become more biotechno-
logical attractive in the near future. Our study brings new insights for the research field of antioxidant
enzymes with potential application on pharmaceutical, cosmetics and food formulations.
Keywords
3-D model, cambialistic enzyme, circular
dichroism, nitroblue tetrazolium, pyrogallol
autoxidation.
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Abstract
The superoxide dismutase (TfSOD) gene from the extremely thermophilic
bacterium Thermus filiformis was cloned and expressed at high levels in
mesophilic host. The purified enzyme displayed approximately 25 kDa band in
the SDS-PAGE, which was further confirmed as TfSOD by mass spectrometry.
The TfSOD was characterized as a cambialistic enzyme once it had enzymatic
activity with either manganese or iron as cofactor. TfSOD showed
thermostability at 65, 70 and 80°C. The amount of enzyme required to inhibit
50% of pyrogallol autoxidation was 0!41, 0!56 and 13!73 mg at 65, 70 and
80°C, respectively. According to the circular dichroism (CD) spectra data, the
secondary structure was progressively lost after increasing the temperature
above 70°C. The 3-dimensional model of TfSOD with the predicted cofactor
binding corroborated with functional and CD analysis.
Introduction
Antioxidant enzymes such as superoxide dismutase (SOD)
and catalase protect living cells from reactive oxygen and
nitrogen species that are responsible for oxidative damage
of essential components of cell structure (Pantazaki et al.
2002). Superoxide dismutases are a class of antioxidant
defence metalloenzymes that disproportionate superoxide
radical ion into molecular oxygen and hydrogen peroxide
(Whittaker and Whittaker 1999). Due to its antioxidative
effects, SOD has been widely applied in medical treatments,
as well as cosmetic, food, agricultural and chemical indus-
tries (Liu et al. 2011). SODs have recently found applica-
tions as supplementation to prevent or reverse the adverse
effect of cardiovascular diseases, ageing, infertility, neuro-
logical disorders, ischaemia–reperfusion injury, transplant
rejection, autoimmune diseases, rheumatoid arthritis,
diabetes, asthma, septic shock-induced tissue injury and
cancer, as well as in the pharmaceutical and cosmetic
industries (Bafana et al. 2011).
Once thermal denaturation is a common cause of
enzyme inactivation in the industry, one of the major
40 Letters in Applied Microbiology 57, 40--46 © 2013 The Society for Applied Microbiology
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Structure and Function of a Novel Cellulase 5 from
Sugarcane Soil Metagenome
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Douglas A. A. Paixão1, Rodrigo F. de Almeida1, Celisa C. C. Tonoli2, Roberto Ruller1, Camila R. Santos2,
Fabio M. Squina1*, Mario T. Murakami2*
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Abstract
Cellulases play a key role in enzymatic routes for degradation of plant cell-wall polysaccharides into simple and
economically-relevant sugars. However, their low performance on complex substrates and reduced stability under
industrial conditions remain the main obstacle for the large-scale production of cellulose-derived products and
biofuels. Thus, in this study a novel cellulase with unusual catalytic properties from sugarcane soil metagenome
(CelE1) was isolated and characterized. The polypeptide deduced from the celE1 gene encodes a unique glycoside
hydrolase domain belonging to GH5 family. The recombinant enzyme was active on both carboxymethyl cellulose
and β-glucan with an endo-acting mode according to capillary electrophoretic analysis of cleavage products. CelE1
showed optimum hydrolytic activity at pH 7.0 and 50 °C with remarkable activity at alkaline conditions that is
attractive for industrial applications in which conventional acidic cellulases are not suitable. Moreover, its three-
dimensional structure was determined at 1.8 Å resolution that allowed the identification of an insertion of eight
residues in the β8-α8 loop of the catalytic domain of CelE1, which is not conserved in its psychrophilic orthologs. This
8-residue-long segment is a prominent and distinguishing feature of thermotolerant cellulases 5 suggesting that it
might be involved with thermal stability. Based on its unconventional characteristics, CelE1 could be potentially
employed in biotechnological processes that require thermotolerant and alkaline cellulases.
Citation: Alvarez TM, Paiva JH, Ruiz DM, Cairo JPLF, Pereira IO, et al. (2013) Structure and Function of a Novel Cellulase 5 from Sugarcane Soil
Metagenome. PLoS ONE 8(12): e83635. doi:10.1371/journal.pone.0083635
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Introduction
In the face of growing energy costs, dwindling fossil
resources, environmental pollution and a globalized economy,
the large-scale use of biotechnology instead of, or to
complement, traditional industrial production processes,
particularly in the chemical sector, is viewed as both an
opportunity and a necessity to a more social and ecological
sustainable energetic matrix [1]. In this context, metagenomics
has received much attention owing to its great potential to
provide new biocatalysts with diverse functions and
applications. To illustrate that, a soil sample might contain in
the order of 104 different bacterial species and more than one
million novel open reading frames, many of which encode
putative enzymes [1]. This approach has been broadly
employed to find new enzymes to assist ethanol production
through lignocellulosic biomass degradation thereby enabling a
new generation of biofuels production [2].
The current scenario for the reduction of biomass into
fermentable sugars via enzymatic routes is characterized by
very scanty exemplars of glycoside hydrolases suitable for this
process in an industrial scale and rate. Thus, the discovery of
new enzymes with higher catalytic efficiency and stability under
industrial conditions, and even specialized for the different
biomass sources, such as sugar-cane bagasse, may have a
revolutionary role in making biofuel production from plant
biomass economically viable [3,4]. It is more pronounced when
focused on cellulose degradation since cellulases are
PLOS ONE | www.plosone.org 1 December 2013 | Volume 8 | Issue 12 | e83635
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Abstract
Metagenomics has been widely employed for discovery of new enzymes and pathways to conversion of lignocellulosic
biomass to fuels and chemicals. In this context, the present study reports the isolation, recombinant expression, biochemical
and structural characterization of a novel endoxylanase family GH10 (SCXyl) identified from sugarcane soil metagenome.
The recombinant SCXyl was highly active against xylan from beechwood and showed optimal enzyme activity at pH 6,0 and
45uC. The crystal structure was solved at 2.75 A˚ resolution, revealing the classical (b/a)8-barrel fold with a conserved active-
site pocket and an inherent flexibility of the Trp281-Arg291 loop that can adopt distinct conformational states depending
on substrate binding. The capillary electrophoresis analysis of degradation products evidenced that the enzyme displays
unusual capacity to degrade small xylooligosaccharides, such as xylotriose, which is consistent to the hydrophobic contacts
at the +1 subsite and low-binding energies of subsites that are distant from the site of hydrolysis. The main reaction
products from xylan polymers and phosphoric acid-pretreated sugarcane bagasse (PASB) were xylooligosaccharides, but,
after a longer incubation time, xylobiose and xylose were also formed. Moreover, the use of SCXyl as pre-treatment step of
PASB, prior to the addition of commercial cellulolytic cocktail, significantly enhanced the saccharification process. All these
characteristics demonstrate the advantageous application of this enzyme in several biotechnological processes in food and
feed industry and also in the enzymatic pretreatment of biomass for feedstock and ethanol production.
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Introduction
The conversion of lignocellulosic biomass into renewable fuels
has been considered a promising technology to replace fossil fuels
and to attend the global need for clean energy. Although the
recent worldwide growth in the production of biofuels from plant
biomass, several technological bottlenecks still exist and this
bioconversion process is not profitable yet [1]. The development of
low cost biocatalysts and the improvement of the catalytic
efficiency are considered the key to the future of biofuels [1,2,3,4].
Xylanases (E.C. 3.2.1.8) are hemicellulases responsible for
breaking down xylan, the major hemicellulosic component of plant
cell walls, into short xylooligosaccharides by a general acid–base
mechanism involving two glutamic acid residues [5,6]. Typically,
these enzymes can be classified into glycoside hydrolase (GH)
families 10 and 11 based on amino-acid sequence similarities [7].
Recently, these enzymes have received much attention owing to
their use in degradation of lignocellulosic biomass for biofuels
production [8,9].
The development of novel enzymes is primarily dependent on
the effectiveness of the screening strategy and the variety of
candidate microorganisms present in certain environmental
location [10]. In addition, less than 1% of microorganisms from
natural environments can be cultivated using traditional culture
methods [11]. Thus, researchers have developed strategies to
prospect genes through culture-independent methods [1]. Meta-
genomics is an advanced strategy to seek for novel functional genes
and/or biologically active compounds, by means of direct
extraction of all microbial genomic DNA from an environmental
sample [12,13].
Novel xylanases with designed characteristics for biotechnolog-
ical application have been identified by metagenomics approaches
[14–16]. A novel GH11 was retrieved from a compost-soil
PLOS ONE | www.plosone.org 1 July 2013 | Volume 8 | Issue 7 | e70014
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Flavonoid supplementation affects the expression
of genes involved in cell wall formation and
lignification metabolism and increases sugar
content and saccharification in the fast-growing
eucalyptus hybrid E. urophylla x E. grandis
Jorge Lepikson-Neto1, Leandro C Nascimento1, Marcela M Salazar1, Eduardo LO Camargo1, João PF Cairo2,
Paulo J Teixeira1, Wesley L Marques1, Fabio M Squina2, Piotr Mieczkowski3, Ana C Deckmann1
and Gonçalo AG Pereira1*
Abstract
Background: Eucalyptus species are the most widely planted hardwood species in the world and are renowned for
their rapid growth and adaptability. In Brazil, one of the most widely grown Eucalyptus cultivars is the fast-growing
Eucalyptus urophylla x Eucalyptus grandis hybrid. In a previous study, we described a chemical characterization of
these hybrids when subjected to flavonoid supplementation on 2 distinct timetables, and our results revealed
marked differences between the wood composition of the treated and untreated trees.
Results: In this work, we report the transcriptional responses occurring in these trees that may be related to the
observed chemical differences. Gene expression was analysed through mRNA-sequencing, and notably, compared
to control trees, the treated trees display differential down-regulation of cell wall formation pathways such as
phenylpropanoid metabolism as well as differential expression of genes involved in sucrose, starch and minor CHO
metabolism and genes that play a role in several stress and environmental responses. We also performed enzymatic
hydrolysis of wood samples from the different treatments, and the results indicated higher sugar contents and
glucose yields in the flavonoid-treated plants.
Conclusions: Our results further illustrate the potential use of flavonoids as a nutritional complement for modifying
Eucalyptus wood, since, supplementation with flavonoids alters its chemical composition, gene expression and
increases saccharification probably as part of a stress response.
Keywords: Eucalyptus, Lignin, Phenylpropanoid metabolism, Syringyl/guaiacyl ratio, Gene expression, Hydrolysis, Stress
Background
Trees constitute the majority of the lignocellulosic bio-
mass on Earth and are expected to play a significant role
in the future as a renewable and environmentally cost-
effective alternative feedstock for biofuel production, a
source of fibers and solid wood products and a major
sink for excess atmospheric CO2 [1-3]. In Brazil, the
pulp and paper industries have been efficiently fed by
Eucalyptus forests due to their rapid growth, adaptability
and wood quality, but with the dramatic increase in in-
dustrial demands and the interest in second-generation
biofuels and renewable chemicals, the quality and quan-
tity of wood produced must also increase [4,5].
Wood is a highly variable material that differs among
trees and is composed of the secondary xylem, a specia-
lized type of conductive and structural support tissue
produced through the lateral growth and differentiation
* Correspondence: goncalo@unicamp.br
1Departamento de Genética e Evolução, Laboratório de Genômica e
Expressão, Instituto de Biologia, Universidade Estadual de Campinas,
Campinas, São Paulo, Brazil
Full list of author information is available at the end of the article
© 2014 Lepikson-Neto et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly credited. The Creative Commons Public
Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this
article, unless otherwise stated.
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BIOTECHNOLOGICALLY RELEVANT ENZYMES AND PROTEINS
Recombinant Trichoderma harzianum endoglucanase I (Cel7B)
is a highly acidic and promiscuous carbohydrate-active enzyme
Vanessa O. A. Pellegrini1 & Viviane Isabel Serpa1 & Andre S. Godoy1 &
Cesar M. Camilo1 & Amanda Bernardes1 & Camila A. Rezende2 &
Nei Pereira Junior3 & João Paulo L. Franco Cairo4 & Fabio M. Squina4 &
Igor Polikarpov1
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Abstract Trichoderma filamentous fungi have been investi-
gated due to their ability to secrete cellulases which find var-
ious biotechnological applications such as biomass hydrolysis
and cellulosic ethanol production. Previous studies demon-
strated that Trichoderma harzianum IOC-3844 has a high de-
gree of cellulolytic activity and potential for biomass hydro-
lysis. However, enzymatic, biochemical, and structural studies
of cellulases from T. harzianum are scarce. This work reports
biochemical character izat ion of the recombinant
endoglucanase I from T. harzianum, ThCel7B, and its catalytic
core domain. The constructs display optimum activity at
55 °C and a surprisingly acidic pH optimum of 3.0. The
full-length enzyme is able to hydrolyze a variety of substrates,
with high specific activity: 75 U/mg for β-glucan, 46 U/mg
toward xyloglucan, 39 U/mg for lichenan, 26 U/mg for
carboxymethyl cellulose, 18 U/mg for 4-nitrophenyl β-D-
cellobioside, 16 U/mg for rye arabinoxylan, and 12 U/mg
toward xylan. The enzyme also hydrolyzed filter paper, phos-
phoric acid swollen cellulose, Sigmacell 20, Avicel PH-101,
and cellulose, albeit with lower efficiency. The ThCel7B cat-
alytic domain displays similar substrate diversity.
Fluorescence-based thermal shift assays showed that thermal
stability is highest at pH 5.0. We determined kinetic parame-
ters and analyzed a pattern of oligosaccharide substrates hy-
drolysis, revealing cellobiose as a final product of C6 degra-
dation. Finally, we visualized effects of ThCel7B on oat spelt
using scanning electron microscopy, demonstrating the mor-
phological changes of the substrate during the hydrolysis. The
acidic behavior of ThCel7B and its considerable thermostabil-
ity hold a promise of its industrial applications and other bio-
technological uses under extremely acidic conditions.
Keywords Trichoderma harzianum . Second-generation
ethanol . Cellulase . Endoglucanase .Aspergillus niger
Introduction
Energy consumption has been significantly increasing with
the growth of the world population and industrial develop-
ment of the countries worldwide. Crude oil has been the major
natural resource to satisfy this increasing energy demand, but
its intensive use result in undesirable environmental conse-
quences (Himmel et al. 2007; Buckeridge et al. 2010; Serpa
and Polikarpov 2011; Chundawat et al. 2011). From an envi-
ronmental point of view, CO2 emissions released into the at-
mosphere are responsible for climate changes and worsening
Electronic supplementary material The online version of this article
(doi:10.1007/s00253-015-6772-1) contains supplementary material,
which is available to authorized users.
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Soil Metagenome
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Abstract Glycoside hydrolases (GHs) are enzymes found in all living kingdoms that are
involved in multiple physiological functions. Due to their multiple enzymatic activities, GHs
are broadly applied in bioethanol, food, and paper industry. In order to increase the produc-
tivity of these industrial processes, a constant search for novel and efficient enzymes has been
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Eucalyptus Cell Wall Architecture: Clues for Lignocellulosic
Biomass Deconstruction
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Jorge Lepikson Neto1,2 & Eduardo Leal Oliveira Camargo1 & Ana Alves5 &
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Abstract The architecture, composition, and chemical prop-
erties of wood cell walls have a direct influence on the process
that occurs prior to fermentation in second-generation biofuel
production. The understanding of the construction patterns of
cell wall types is the key to the new era of second-generation
biofuels. Eucalyptus species are great candidates for this pur-
pose since these species are among the fastest growing hard-
wood trees in the world and they have been improved for
biomass production. We applied the glycome profiling and
other combined techniques to study xylem cell walls of three
economically important species (Eucalyptus globulus,
Eucalyptus grandis, and Eucalyptus urophylla). Glycome pro-
filing analyses revealed that species differ in the same key
aspects of cell wall polymer linkages, with E. globulus and
E. urophylla presenting contrasting phenotypes, and
E. grandis with intermediate characteristics. E. urophylla is
known for high recalcitrance, that is probably determined by
the strong associations between lignin and cell wall polymers,
and also lignin content. On the other hand, E. globulus cell
wall polymers are loosely linked, so its cell wall can be easily
deconstructed. We have shown in this work that the composi-
tion of cell walls differs in quantity and quality among the
Eucalyptus species and such variations in composition influ-
ence the process of lignocellulosic feedstock assessment.
However, the greatest influence relies on the amount and type
of associations between cell wall polymers. A high yield of
cellulose, from any biomass source, directly depends on the
cell wall architecture.
Keywords Bioethanol . Cell wall architecture . Glycome
profiling .Eucalyptus . Wood
Abbreviations
1 M 1 Molar
4 M 4 Molar
AIR Alcohol-insoluble residues
DMSO Dimethyl sulfoxide
Ara Arabinose
cP/cH Pentose/hexose
Fuc-XG Fucosylated xyloglucan
GalA Galacturonic acid
Glc Glucose
Gal Galactose
HG Homogalacturonan
H/G Hydroxyphenyl/guaiacyl
LCC Lignin-carbohydrate complex
Man Mannose
S/G Syringyl/guaiacyl
Non-fuc XG Non-fucosylated xyloglucan
PC Post chlorite
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